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SUMMARY
A review of experimental data on free embedded cantilever 
walls is presented. Normalization of limit equilibrium 
depths of embedment and maximum bending moment was 
successfully carried out, but it was found that very 
little data were in existence. In contrast, many methods 
of limit equilibrium design were found to be in use.
Subsequently, new experiments have been performed, using a 
small-scale model of a free embedded cantilever wall. 
Further experimental data have been obtained on maximum 
bending moments, depths of embedment at failure, and also 
normal and shear stresses mobilized between soil and wall. 
New comparative analyses have been performed between these 
data and predictions by current design methods. The 
adequacy of these methods has been assessed in the light 
of the new data.
A special model wall facility was built for these 
experiments. It comprised a test tank, a small-scale 
model wall, and instrumentation for measuring normal and 
shear stresses between soil and wall. New types of 
boundary normal stress and boundary shear stress 
transducers were developed, using the Hall effect 
principle.
A re-assessment of the phenomenon of cell action factor 
has also been carried out. Previous design criteria for 
diaphragm-type boundary normal stress transducers did not 
predict accurately values of cell action factor measured 
in this thesis. Accurate predictions of cell action 
factor were obtained only by a design criterion 
considering the influence of soil modulus, which was 
determined in the triaxial test using local strain devices.
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CHAPTER 1 - INTRODUCTION
A free embedded cantilever wall (Fig. 2.1) is frequently 
used for river protection works and for temporary 
excavation support. This type of wall consists of a 
vertical earth retaining structure embedded in soil.
Active earth pressures develop on its retained side due to 
the soil self-weight or eventual surcharges. Passive 
earth pressures are mobilized in front of the wall, being 
responsible for its stability. As equilibrium requires 
the existence of a centre of rotation somewhere above the 
lower end of this wall, active and passive earth pressures 
have their orientation typically inverted below that 
centre, as also shown in Fig. 2.1.
Free embedded cantilever walls have typically been formed 
by using interlocking steel sheet-piles. Wood sheet-piles 
had previously been used in small backfills since time 
immemorial. Technological advances started with the 
introduction of cast-iron sheet-piles about 1820 and steel 
sheet-piles about 1880. However, the use of steel sheet- 
piles remained somewhat uncommon in the following years. 
Only about 1910 did the last fears concerning their 
durability in polluted or salty water become dissipated, 
according to Blum (1931). Subsequently, steel sheet-piles 
have had intensive application in harbour engineering. 
Design methods for free embedded cantilever walls appeared 
at the same time (Engels, 1903).
Unfortunately, little information is at present available 
about field behaviour of free embedded cantilever walls, 
possibly because their economical application with sheet- 
piling has been restricted to temporary structures or with 
low retained heights (less than 4 metres). Research has
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so far been concentrated on the behaviour of anchored and 
propped embedded cantilever walls, the former type being 
often used in harbour engineering, and the latter in road 
engineering. As a consequence, design methods for free 
embedded cantilever walls have remained comparatively 
under-developed.
However, advanced diaphragm or secant pile walling 
techniques can nowadays make design solutions using deep 
free embedded cantilever walls competitive with 
conventional techniques in some circumstances. According 
to Carder and Symons (1989), increasing use has been made 
of this type of wall in this country over the past two 
decades for the construction of roads in retained cutting, 
but also in cut-and-cover tunnelling. Also according to 
Carder and Symons (1989), this type of construction has 
been particularly important in urban areas, because of the 
need to reduce the landtake, thus reducing the 
environmental impact. In addition, the use of deep free 
embedded cantilever walls might be advantageous in 
foundation engineering when the common solution of wall 
anchoring is less convenient, such as when anchoring 
should be carried through soil below piled buildings.
The increasing height and complexity of free embedded 
cantilever walls in modern practice suggested that a re- 
evaluation of design methods should be performed, as they 
appear to be beyond existing experience. The need for 
this re-evaluation was the starting point of this 
research. A review of past and current design methods for 
free embedded cantilever walls in granular soil was first 
undertaken in this thesis, with the objective of 
identifying which methods appear most reliable and widely 
applicable. Surprisingly, a large number of methods could 
be recognized in this review. By contrast, available
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experimental data was very scant. After comparing 
existing design methods with available data, it was 
recognized that further experimental data was needed. As 
a result, it was decided that new experiments with free 
embedded cantilever walls in granular soil should be 
conducted in this thesis. Experiments in clay were not 
considered for this thesis, as a centrifuge would probably 
be required. This review is described in Chapter 2.
All experiments were performed with a model wall facility, 
built for use in this thesis. A special small-scale model 
of a free embedded cantilever wall was subsequently built, 
in such a way that a large number of boundary normal 
stress transducers and shear stress transducers could be 
used. These transducers were specially designed for this 
thesis, by making use of Hall Effect sensors as the basis 
of measurement. The instrumentation is described in 
Chapter 3, and the model wall facility in Chapter 4.
Before performing these model wall experiments, other 
aspects of the main research required considerable effort, 
in such a way that each one could almost be considered as 
being an independent research on its own. Examples were 
the cell action factor of boundary normal stress 
transducers, the preparation of uniform specimens of sand 
by using an air-activated hopper, the evaluation of sand 
density by using the resin impregnation technique, and the 
determination of the plane strain angle of internal 
friction of sand by using the direct shear testing 
technique described by Jewell and Wroth (1987). The 
investigation concerning the problem of cell action factor 
is described in Chapter 3. Both the preparation of 
specimens of sand and the evaluation of its density are 
described in Chapter 4. The determination of plane strain 
angle of internal friction is described in Chapter 5.
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The testing programme adopted for these model wall 
experiments is explained in Chapter 5. Both the setting 
up and execution of each experiment are detailed in this 
chapter. Corresponding experimental data are then 
presented in Chapter 6. These new data are subsequently 
compared both with previous data obtained from the 
literature (discussed in Chapter 2), and theoretical 
predictions by current design methods (also discussed in 
Chapter 2). Possible implications for the design of free 
embedded cantilever walls are then discussed, closing 
Chapter 6.
Finally, Chapter 7 outlines the main conclusions from this 
thesis. Suggestions are also made in this chapter for 
possible future work, so that the present state-of-the-art 
might be further expanded.
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CHAPTER 2 - LIMIT EQUILIBRIUM DESIGN METHODS FOR FREE 
EMBEDDED CANTILEVER WALLS
A review of current design methods for free embedded 
cantilever walls is undertaken in this chapter. The 
historical evolution of these methods is described, and 
attempts are made to explain the origin of particular 
features of some recent methods. Factors influencing 
design and practical difficulties in the selection of 
design parameters are discussed. A number of methods are 
then compared with each other and also with the limited 
experimental data that exist. Methods capable of 
providing good estimates of limit equilibrium and design 
depths of embedment, as well as maximum bending moments, 
are identified. Finally, the need for additional 
experimental research is discussed.
2.1 Introduction - design requirements
Current design methods for free embedded cantilever walls 
usually include some type of limit equilibrium analysis. 
The wall is represented in this type of analysis by a 
rigid beam capable of rotating about a point somewhere 
above the lower end, and the soil is considered to be at 
failure everywhere near the wall. Active or passive 
normal stresses are assumed to act on the wall, depending 
on the relative movement of the wall with respect to the 
soil (Fig. 2.1). The depth of embedment is calculated by 
requiring equilibrium of both horizontal forces and 
moments. The maximum bending moment is calculated at the 
point of zero shear force.
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Limit equilibrium analysis is strictly valid only at 
failure. However, as an approximation, both the design 
value of the depth of embedment (d) and the design value 
of the maximum bending moment (Mttax) are often calculated 
with this analysis by assuming larger active normal 
stresses, or smaller passive normal stresses, or both.
This requires the inclusion of a factor of safety (F), 
which may be defined in a number of ways.
There are some difficulties in the application of the 
limit equilibrium analysis in practice. The details of 
the design, such as the theory used in the derivation of 
earth pressure coefficients, the magnitude and orientation 
of wall friction, the method of obtaining the angle of 
internal friction of the soil, and the definition and 
magnitude of the factor of safety, need to be assumed.
The spectrum of acceptable assumptions is wide for some of 
these parameters. In addition, the calculation of the 
design depth of embedment by solving a system of two limit 
equilibrium equations, one for equilibrium of horizontal 
forces and another for equilibrium of moments, was 
considered tedious in the past. Simplifications have 
since been proposed to reduce the system to one equation, 
but this affects the calculated value. In addition, once 
a factor of safety is introduced in the analysis, the 
assumed distribution of active and passive normal stresses 
that result may be very different from the true one, e.g. 
as revealed by experiments, and the maximum bending moment 
is particularly sensitive to this difference.
Consequently, predictions of design depths of embedment 
and design maximum bending moments by methods based on 
limit equilibrium analysis may be expected to show some 
considerable variations.
Other design methods for free embedded cantilever walls 
have been proposed. Bolton (1989) suggested combining an 
analysis of collapse with an analysis of serviceability.
In the analysis of collapse, equilibrium is verified by 
assuming the angle of internal friction of the soil equal 
to the critical state value, and no factor of safety is 
included (Fig. 2.2.(a)). The corresponding depth of 
embedment is interpreted as the minimum value which the 
design depth of embedment can have. The analysis of 
serviceability is performed by assuming a kinematically 
admissible strain field (or an approximate one), and by 
calculating the shear strain in the soil compatible with a 
permissible horizontal displacement at the top of the wall 
(Fig. 2.2.(b)). The corresponding mobilized value of the 
effective angle of internal friction is next evaluated 
from a stress-strain relationship derived from 
experiments. Equilibrium is then re-verified with the 
angle of internal friction equal to the mobilized value.
If equilibrium is not achieved, the analysis of 
serviceability is repeated with a different depth of 
embedment. Once the design depth of embedment is 
established, the corresponding maximum bending moment can 
be calculated (Bolton, Powrie and Symons, 1990). The 
horizontal displacement at the top of the wall, and to 
some extent the difference between the mobilized and the 
peak value of the angle of internal friction of the soil, 
give together a picture on how safe the design is.
Other methods of approximate deformation analyses have 
been used in practice for a number of years based on the 
theory of a beam on a Winkler soil (Rowe, 1955; Richart, 
1957; James and Jack, 1974). More rigorous methods have 
recently been developed, making use of the finite element 
method (Fourie, 1984; Fourie and Potts, 1989) or, 
alternatively, the continuum soil model with interaction
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coefficients derived from finite element analyses 
(Simpson, 1984).
The combination of an analysis of collapse with an 
analysis of serviceability, as proposed by Bolton (1989), 
and Bolton, Powrie and Symons (1990), has not yet been 
widely used in practice, despite the apparent merit. 
Nowadays, the use of methods based on the theory of a beam 
on a Winkler soil has been discouraged, because of the 
difficulty in attributing appropriate values to the spring 
constants of the Winkler model (Institution of Structural 
Engineers, 1989). On the other hand, the finite element 
method has frequently been used to predict bending moments 
and wall displacements, but not yet to perform stability 
analysis, which remains to some extent a research topic 
(Clayton and Milititsky, 1986). Consequently, free 
embedded cantilever walls are still predominantly designed 
using methods based on the limit equilibrium analysis, in 
spite of their limitations.
2.1.1 Depth of embedment
Limit equilibrium design methods for free embedded 
cantilever walls are described in detail in Section 2.2. 
However, a few general remarks on the calculation of the 
design depth of embedment are made in this section. The 
need for a factor of safety, and its role in the 
mobilization of active and passive normal stresses at the 
design depth of embedment, are discussed. Some of these 
introductory remarks are further developed in Section 2.2.
Two basic approaches have been suggested for the 
calculation of the design depth of embedment. The first 
approach was adopted earlier this century, but the second
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is more representative of current design practice. In the 
first approach, no factor of safety was required. Both 
active and passive normal stresses were assumed fully 
mobilized (Blum, 1931). In the second approach, a factor 
of safety is now required. Depending on the definition of 
factor of safety being adopted, both active and passive 
normal stresses may be assumed partially mobilized, or 
only passive normal stresses may be assumed partially 
mobilized. Alternatively, active normal stresses may be 
increased (Padfield and Mair, 1984; Clayton and 
Milititsky, 1986).
The distribution of active and passive normal stresses 
implied by each definition of factor of safety does not 
necessarily resemble the true distribution. Available 
experimental evidence suggests that the distribution of 
active and passive normal stresses for a safe wall may 
depend fundamentally on the relationship between 
horizontal components of active and passive coefficients 
of earth pressure (K^) and (Kph) , on the one hand, and the 
coefficient of earth pressure at rest (Kc) , on the other. 
For the case of soils with Kc approaching K^, such as most 
granular soils, active normal stresses are known to be 
fully mobilized even for small horizontal displacements of 
the wall. Passive normal stresses are expected to be 
partially mobilized for a safe wall. On the other hand, 
for soils with K0 approaching Kph, such as most heavily 
over-consolidated clays, passive normal stresses are 
instead likely to be fully mobilized for small horizontal 
displacements of the wall. Active normal stresses require 
much larger horizontal displacements for full 
mobilization, basically because larger initial values of 
horizontal normal stress have now to be relieved. Normal 
stresses on the retained side of the wall are not expected 
to be reduced to active in this case. Available
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experimental evidence, although scant, appears to support 
such views. Classical earth pressure experiments in sand, 
described by Terzaghi (1943), showed active normal 
stresses being fully mobilized at wall displacements much 
smaller than in the case of passive normal stresses. 
Experiments with small-scale models of free embedded 
cantilever walls in sand, described by Rowe (1951), showed 
rapid mobilization of active normal stresses at relatively 
small depths of excavation in front of the wall, but much 
slower mobilization of passive normal stresses, even with 
further excavation. On the other hand, an instrumented 
full-scale free embedded cantilever wall in heavily over­
consolidated clay showed, many years after construction, 
full mobilization of effective passive normal stresses 
immediately below the excavation level, but effective 
horizontal normal stresses on the retained side of the 
wall were much higher than corresponding active values 
(Carder and Symons, 1989). Consequently, when the design 
approach including a factor of safety is adopted in 
practice, the role of the factor of safety is likely to be 
essentially a function of the relationship between Kah, Kph, 
and K0, irrespective of any other role which the definition 
of factor of safety may imply. In the case of soils with 
K0 approaching K^, the role of the factor of safety is 
mainly to restrain the mobilization of passive stresses at 
the design depth of embedment. In the case of soils with 
Kc similar to Kph, the role is instead mainly to restrain 
the mobilization of active stresses.
Design approaches with and without a factor of safety are 
not entirely unrelated, as might first appear. Acceptable 
designs may be obtained with one or another, once a 
consistent definition of angle of internal friction is 
chosen for the soil. In the past, when the depth of 
embedment was calculated without a factor of safety, the
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value of the angle of internal friction of the soil likely 
to be adopted was equal to the angle of repose (Blum, 
1931). Nowadays, when a factor of safety is required for 
the same calculation, the peak value of the angle of 
internal friction is instead selected (Padfield and Mair, 
1984; Clayton and Milititsky, 1986). The adoption of a 
design approach without a factor of safety was probably 
necessary in the past to compensate for the conservative 
assumption of an angle of internal friction equal to the 
angle of repose, which itself may have resulted from the 
inadequacy of contemporary site investigation techniques. 
An implicit factor of safety was therefore likely to have 
been introduced in this case, a possibility already noted 
by Blum (1931). Improved site investigation techniques 
now allow the peak value of the angle of internal friction 
of the soil to be determined more reliably than in the 
past, and therefore to be used in the analysis with more 
confidence. An explicit factor of safety is now needed to 
compensate for errors in design parameters, and (perhaps) 
to control indirectly the wall displacements.
The main difficulty with the older approach was that the 
magnitude of the factor of safety which was implicit in 
the analysis could not be controlled. As an extreme 
example, it could be argued that a particular granular 
soil (i.e. characterized by some value of angle of repose) 
would always give the same design depth of embedment, 
despite being loose or dense in situ, other design 
parameters remaining unchanged. The calculation of the 
design depth of embedment as performed nowadays, i.e. by 
imposing an explicit factor of safety and by adopting the 
peak value of the angle of internal friction of the soil, 
is therefore less ambiguous. On the other hand, it is 
interesting to observe that the older approach of adopting 
the angle of repose and no factor of safety seems to be
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identical to the analysis of collapse suggested by Bolton 
(1989). Since the work of Cornforth (1973), the critical 
state angle of internal friction of a granular soil has 
been accepted as equal to the angle of repose. The 
complementary analysis of serviceability described by 
Bolton, Powrie and Symons (1989) has therefore the role of 
overcoming the disadvantage of an implicit factor of 
safety.
However, the concept of an explicit factor of safety does 
not guarantee satisfactory margins of safety in every 
circumstance. The same value of factor of safety does not 
imply the calculation of the same value of design depth of 
embedment, other design parameters being unchanged; the 
result depends on the definition of factor of safety being 
adopted (Burland, Potts and Walsh, 1981; Symons and 
Kotera, 1987). No single definition of factor of safety 
has so far been pinpointed as entirely free of ambiguity, 
but a number of definitions have been identified as 
unlikely to give unsafe results (Padfield and Mair, 1984). 
As a consequence, a compromise solution has been 
suggested, where suitable definitions of factor of safety 
are simultaneously adopted, and the design depth of 
embedment is selected from within the consequent range of 
calculated values (Padfield and Mair, 1984). According to 
Clayton and Milititsky (1986), this recommendation is 
being increasingly used in practice.
The design approach based on the limit equilibrium 
analysis where the angle of repose is adopted and no 
factor of safety is included, as recommended by Blum 
(1931), is outdated. The alternative design approach, 
i.e. where the peak value of the angle of internal 
friction is adopted, and a factor of safety is included, 
will be adopted in this chapter to predict the depth of
12
embedment, and then to compare with experimental results. 
The majority of design methods currently in use follow 
this approach, despite its limitations.
2.1.2 Maximum bending moment
This section considers design approaches for the 
calculation of the maximum bending moment. The present- 
day argument in favour or against using a factor of safety 
in the analysis is outlined. To improve clarity, both the 
depth of embedment and the maximum bending moment are 
sometimes expressed in non-dimensional form. The depth of 
embedment is normalized with respect to the height of 
retained soil (d/h), and the maximum bending moment per 
unit length of wall is normalized with respect to the
product of the soil unit weight by the third power of the
retained soil height, Mmax/yh3 (Lechner, 1967).
The calculation of the maximum bending moment was usually 
performed in the past by adopting the angle of repose, and 
by assuming full mobilization of active and passive normal 
stresses (Blum, 1931). Nowadays, the peak value of the 
angle of internal friction of the soil is instead adopted, 
and a factor of safety is included in the calculation 
(Clayton and Milititsky, 1986). However, a different 
design approach has recently been proposed for the same 
calculation; the peak value of the angle of internal 
friction is still adopted, but full mobilization of active 
and passive normal stresses is instead assumed (Padfield 
and Mair, 1984). These design approaches interpret 
differently the interaction between soil stresses and 
bending moments below the excavation level. An outline of 
this interaction is next attempted, but limited to the 
case of soils with K0 similar to K^.
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Due to the scarcity of we11-documented experimental 
distributions of normal stresses on free embedded 
cantilever walls, three alternative simple mechanisms of 
interaction between passive normal stresses and bending 
moments are now arbitrarily postulated. Their likelihood 
in practice is later discussed in the light of the limited 
experimental evidence that exists. One such mechanism is 
explained in Fig. 2.3. A free embedded cantilever wall is 
shown with a height of retained soil (h) and a design 
depth of embedment (d). Active normal stresses are 
assumed fully mobilized, and passive normal stresses 
partially mobilized. The point of zero shear force (M) is
then relatively deep, and the maximum bending moment is
comparatively large. By, fictitiously, pulling the wall
slowly out of the ground, the depth of embedment is
progressively reduced, and the wall eventually fails at 
some particular depth of embedment (df) . At the onset of 
failure, both active and passive normal stresses become 
fully mobilized. The point of zero shear force (Mf) is now 
less deep, and the maximum bending moment is then 
comparatively small. If this mechanism of interaction 
turns out to be realistic, the calculation of the maximum 
bending moment of a safe wall by assuming full 
mobilization of passive normal stresses, as suggested by 
Padfield and Mair (1984), becomes too optimistic. Design 
should then be carried out as recommended by Clayton and 
Milititsky (1986).
Another mechanism of interaction is explained in Fig. 2.4. 
For the case of the wall with the design depth of 
embedment (d), full mobilization of passive normal 
stresses is now considered immediately below the 
excavation level, where horizontal displacements are 
larger, but only partial mobilization is assumed at 
further depths. If the point of zero shear force (M) is
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assumed to be situated above the point of maximum passive 
normal stress (T) then its depth, and consequently the 
value of the maximum bending moment, are exactly the same 
as in the case of the wall at failure in Fig. 2.3. If the 
depth of embedment is reduced, again by fictitiously 
pulling the wall out of the ground, passive normal 
stresses become increasingly mobilized at further depths, 
and the point T moves downwards along the Kph line, until 
failure occurs. There is no simultaneous change in 
maximum bending moment. If this mechanism is realistic, 
then the procedure for the calculation of the maximum 
bending moment described by Padfield and Mair (1984) may 
be satisfactory. The alternative procedure recommended by 
Clayton and Milititsky (1986) is in this case 
conservative.
A third mechanism of interaction is explained in Fig. 2.5. 
It is similar to the one shown in Fig. 2.4, but the point 
of zero shear force (M) is instead assumed to be situated 
below the point of maximum passive normal stress (T) for 
the wall with the design depth of embedment (d). Once 
more, as the depth of embedment is reduced, passive normal 
stresses increase at depth, and the point T moves 
downwards. The point M has now to move upwards, and the 
maximum bending moment progressively decreases in value 
(Figs. 2.5(a) and 2.5(b)). However, once the depths to M 
and T coincide, the maximum bending moment remains 
constant for any further reduction in depth of embedment, 
until failure occurs (Fig. 2.5(c). The mechanism of 
interaction now becomes identical to that in Fig. 2.4. If 
the third mechanism turns out to be realistic, then the 
calculation of the maximum bending moment according to 
Padfield and Mair (1984) may only be satisfactory if a low 
factor of safety is acceptable, e.g., when the horizontal 
displacement at the top of the wall is not critical. The
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procedure recommended by Clayton and Milititsky (1986) is 
otherwise preferable, as it predicts larger bending 
moments.
Experimental evidence is scant, but results from small- 
scale 1-g model tests in sand appear to give some support 
to the third mechanism (Rowe, 1951). In these tests, the 
normalized maximum bending moment was shown to decrease in 
value, as the corresponding normalized depth of embedment 
was reduced to 1.0. It did not then change for further 
reductions in the normalized depth of embedment, until 
failure occurred. Unfortunately, active and passive 
normal stresses were not reported in detail, and the 
precise mechanism of interaction between passive normal 
stresses and bending moments is incompletely known. 
Centrifuge tests in glass ballotini suggested the same 
pattern, although the normalized maximum bending moment 
seemed too high at a low value of the normalized depth of 
embedment (Lyndon and Pearson, 1984). More experimental 
data exist, but relevant only to heavily over-consolidated 
clays (Burland, Simpson and St. John, 1979; Clarke and 
Wroth, 1984; Bolton and Powrie, 1988; Carder and Symons, 
1989). This work is primarily concerned with free 
embedded cantilever walls in granular materials, but 
occasional reference is made to experimental results in 
clay when discussing individual design methods (see 
Sections 2.2-4).
2.1.3 Wall displacements
Wall displacements are not predicted by the limit 
equilibrium analysis. However, this limitation has not 
been considered critical. It has been claimed that wall 
displacements can to some extent be controlled by
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including an adequate factor of safety in the analysis.
On the other hand, if wall displacements are of special 
concern, e.g., in the case of an excavation near to a 
building, then the conventional design solution has been 
to select other types of earth retaining structure, such 
as anchored bulkheads or braced excavations.
The calculation of wall displacements is a comparatively 
recent requirement. It is important in the case of 
difficult sites where neither bracing nor anchoring are 
feasible, and deep free embedded cantilever walls can be 
formed economically, e.g. by diaphragm or secant pile 
walling. An empirical method to estimate the horizontal 
displacement at the top of the wall in granular soils was 
proposed by Rowe (1951). In this method, the ratio 
between the horizontal displacement at the top of the wall 
and its total height was correlated with the relative 
density of the soil and also the flexibility ratio between 
wall and soil. However, Rowe's empirical method has 
apparently not been widely used in practice. Following 
the classical work on the modulus of subgrade reaction by 
Terzaghi (1955), methods of calculating wall displacements 
based on the theory of a beam on a Winkler soil became 
popular (Rowe, 1955; Richart, 1957; James and Jack, 1974). 
Nowadays, the finite element method is being increasingly 
used for the same calculation (Potts and Fourie, 1989), 
although simpler methods have been suggested, assuming 
either kinematically admissible strain fields (Milligan 
and Bransby, 1975; Bolton and Powrie, 1988; Bolton, Powrie 
and Symons, 1989), or the continuum soil model with 
interaction coefficients derived from finite element 
analyses (Simpson, 1984).
This thesis assumes that limit equilibrium analyses may 
still provide a useful framework for the development of
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empirical methods for the estimation of wall 
displacements, once enough experimental data are 
available. In order to explore this possibility, a 
modification is proposed to Rowe's empirical method, by 
initially restricting its application to rigid walls. The 
ratio between the horizontal displacement at the top of 
the wall (dtc) and the height of retained soil (h) is then 
correlated to the angle of internal friction of the soil, 
and also to the normalized depth of embedment (d/h). This 
proposition is tested in Section 6.4.
2.2 Types of limit equilibrium design methods
Free embedded cantilever walls were seldom designed before 
the turn of the century. A depth of embedment equal to 
the height of retained soil was recommended in the absence 
of a surcharge or other unfavourable circumstance (Engels, 
1903). An additional penetration equal to an equivalent 
height of retained soil was often considered in the case 
of a surcharge (Niebuhr, 1929).
2.2.1 Engels' method
An early design method for free embedded cantilever walls, 
based upon experimental observations, was proposed by 
Engels (1903). It assumed a parabolic distribution of net 
normal stress along the depth of embedment of a free 
embedded cantilever wall (Fig. 2.6(a)) in equilibrium with 
active normal stresses due to the retained soil (Fig. 
2.6(b)). The depth of embedment was evaluated with this 
method by requiring equilibrium of both horizontal forces 
and moments; the failure of the wall under the applied 
bending moments was also recognized as a limit state, but
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no explicit solution was given. Engels' method used a 
safety criterion derived from experiments; the ratio 
between the normal stress at the lower end of the wall and 
its total height (Fig. 2.6(a)) was assumed not to exceed 
19 kN/m2/m.
More refined safety criteria were later proposed for use 
with Engels' method. According to one criterion 
(Terzaghi, 1943), the first derivative of the parabolic 
distribution of net normal stress at the excavation level 
(dah/dz) should not be larger than the corresponding value 
calculated with Rankine's earth pressure theory (i.e. with 
an angle of wall friction (5) equal to zero).
According to another criterion (Kollbrunner, 1948;
Jumikis, 1964), the parabolic net normal stress at the 
lower end of the wall (crh) should instead not be larger 
than the net normal stress given at the same depth by 
Rankine's earth pressure theory. In this case, the 
parabolic net normal stress at mid-height between the 
excavation level and the centre of rotation of the wall 
(ah) should also not be larger than the value given by 
Rankine's earth pressure theory (Kollbrunner, 1948; 
Jumikis, 1964). See Fig. 2.7.
j
The assumption of a parabolic distribution of net normal 
stress may satisfy one safety criterion while violating 
another. For example, if the wall is designed satisfying 
the second and the third criteria, then the parabolic net 
normal stress immediately below the excavation level will 
be larger than the corresponding value given by Rankine's 
earth pressure theory. Will (1911) suggested substituting 
a straight line for the length of the parabolic stress 
distribution below the centre of rotation of the wall.
The depth of embedment could then be evaluated with both
19
the net normal stress at the lower end of the wall and the 
first derivative of the parabolic distribution at the 
excavation level satisfying together Rankine's limiting 
values. Engels' method is now seldom used in practice, 
perhaps because satisfactory safety criteria seem to be 
difficult to formulate for this method.
2.2.2 Krey's method
A design method for free embedded cantilever walls based 
upon a rectilinear distribution of net normal stress was 
developed by H. Krey around 1910. This method is next 
described as it appeared in Krey (1932).
In Krey's method, a rectilinear distribution of net normal 
stress was assumed (Fig. 2.8). Active normal stresses due 
to the retained soil and passive normal stresses 
immediately below the excavation level were considered 
fully mobilized even before failure, while the passive 
normal stress at the lower end of the wall was assumed 
fully mobilized only at limit equilibrium. The depth of 
embedment (d) was calculated by finding the height (z) of 
the maximum normal stress in front of the wall that would 
give both horizontal force equilibrium and moment 
equilibrium about the lower end of the wall (two equations 
were therefore obtained, which were solved for the 
unknowns d and z). The maximum bending moment was 
calculated at the point of zero shear force.
In Krey's method, active earth pressure coefficients were 
evaluated by considering wall friction acting downwards. 
Passive earth pressure coefficients were evaluated, but 
only immediately below the excavation level, by 
considering wall friction acting upwards. Passive earth
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pressure coefficients at the lower end of the wall were 
evaluated either by considering wall friction acting 
downwards, or by assuming the angle of wall friction to be 
zero, as resulting values would be similar. Fig. 2.8 
shows directions of wall friction as assumed in Krey's 
method. On the other hand, the ratio between the angle of 
wall friction and the angle of internal friction of the 
soil was adopted with a large value in Krey's method. As 
a consequence, passive earth pressure coefficients as 
evaluated in Krey's method were often much larger 
immediately below the excavation level than at the lower 
end of the wall. Krey's method then characteristically 
predicted passive normal stresses which could be larger 
immediately below the excavation level than at the lower 
end of the wall, notwithstanding how different 
corresponding soil depths could be (Fig. 2.8). Table 2.1 
shows design parameters as assumed in Krey's method.
Krey's method used a safety criterion which resembled 
Engels' method. The normal stress at the lower end of the 
wall was required not be larger than the passive normal 
stress at the same depth. Niebuhr (1929) expressed the 
same safety criterion in terms of a factor of safety. The 
normal stress at the lower end of the wall was required to 
be equal to the passive normal stress at the same depth 
divided by 2 or 3. The shape of distribution of net 
normal stress assumed in Krey's method would then 
guarantee, unlike Engels' method, that the normal stress 
at any other depth could not be larger than the 
corresponding passive normal stress. However, examination 
of this safety criterion reveals what seems to be an 
important inconsistency; a small increase in depth of 
embedment may imply a very large increase of factor of 
safety (see Section 2.3.3). The lack of a satisfactory
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safety criterion partly explains why Krey's method (in its 
original form) is seldom used nowadays.
A design method developed by U.S. Steel International Inc. 
may be considered to be a modern version of Krey's method 
(U.S. Steel, 1975). In the U.S. Steel method, active 
normal stresses due to the retained soil are assumed to 
extend down to the lower end of the wall, and passive 
earth pressure coefficients are identical both immediately 
below the excavation level and at the lower end of the 
wall (Fig. 2.9). The limit equilibrium depth of embedment 
is calculated in first place by requiring equilibrium of 
horizontal forces and moments from the distribution of net 
normal stress shown in Fig. 2.9. The design depth of 
embedment is then evaluated by multiplying the limit 
equilibrium depth of embedment by a factor of safety 
between 1.2 and 1.4. Finally, the maximum bending moment 
is calculated only at the point of null shear force 
obtained from the same diagram. Table 2.1 shows design 
parameters as assumed in the U.S. Steel method.
The U.S. Steel method may be interpreted as being a 
simpler version of Krey's method. For example, by 
assuming active normal stresses due to the retained soil 
extending down to the bottom of the wall, and passive 
earth pressure coefficients being identical along the 
depth of embedment, the resultant distribution of net 
normal stress (i.e. the U.S. Steel method) still resembles 
Krey's method, but is much simpler; the most significant 
difference being that, unlike Krey's method, passive 
normal stresses in the U.S. Steel method are always 
smaller immediately below the excavation level than at the 
lower end of the wall. In addition, the computation of 
the depth of embedment is much simpler if carried out with 
the U.S. Steel method than with Krey's method, unless the
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soil is layered below the excavation level; if the soil is 
homogeneous, this computation reduces in the case of the 
U.S. Steel method to a straightforward search for the 
roots of a fourth degree polynomial equation. On the 
other hand, if the soil is layered below the excavation 
level, Blum's method instead provides a simpler solution 
(see Section 2.2.3).
Other design methods for free embedded cantilever walls 
have been proposed by assuming distributions of net normal 
stress similar to the U.S. method, but differing with 
respect to design parameters (Jacoby, 1941; Lee, 1945; 
Bowles, 1982). Design parameters recommended in these 
methods are outlined in Table 2.1.
2.2.3 Blum's method
Blum (1931) introduced a design method for free embedded 
cantilever walls using a rectilinear distribution of net 
normal stress. His purpose was to achieve a simple 
calculation in comparison with Krey's method. Nowadays, 
Blum's method is the most common method for the design of 
free embedded cantilever walls, although not with all its 
original assumptions.
Blum's method provided a simplified version of Krey's 
method, by substituting a horizontal force (H) in place of 
the passive and active normal stresses acting upon the 
lowest part of the wall (Fig. 2.10). A rectilinear 
distribution of net normal stress was assumed, and the 
depth to the substitute horizontal force (dH) was 
determined by assuming equilibrium of moments taken about 
the position of this force. The maximum bending moment 
was determined at the point of zero shear force. The
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design depth of embedment (d) and the design maximum 
bending moment were then determined by reference to 
correction factors determined by Blum, on the assumption 
that Krey's method gave the correct solution.
Blum (1931) started the development of his own method by 
first modifying the distribution of net normal stress of 
Krey's method. Blum's modification of Krey's method 
consisted of assuming the distribution of active normal 
stress due to the retained soil extending down to the 
bottom of the wall. The shape of the new distribution of 
net normal stress then resembled the U.S. Steel method 
(Fig. 2.9). However, it was not identical, because 
passive earth pressure coefficients were evaluated at the 
lower end of the wall by assuming wall friction acting 
downwards, unlike the U.S. method. Blum's modification of 
Krey's method therefore predicted small passive normal 
stresses at the lower end of the wall, as in Krey's 
method. Blum (1931) did not recommend his modification of 
Krey's method as a new design method for practice. The 
purpose was only to use it as a reference for the 
development of his own method.
Blum (1931) further developed his method by performing a 
series of parametric studies. In the first place, the 
normalized depth of embedment (d/h) and the normalized 
maximum bending moment were evaluated with Blum's 
modification of Krey's method. These values were 
correlated with both the angle of internal friction of the 
soil (0) and the assumed ratio between the angle of wall 
friction and the angle of internal friction of the soil 
(6/0). Subseguently, the normalized depth to the 
substitute force (dH) and the normalized maximum bending 
moment were evaluated with Blum's own method. These 
values were correlated with the angle of internal friction
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of the soil only (for simplicity, the angle of wall 
friction was assumed to be zero). By comparing both 
parametric studies, Blum (1931) devised correction factors 
for use with his method (Fig. 2.11). Both the depth to 
the substitute force (dH)(Bluia) and the maximum bending 
moment (Maax)(B;um) were first evaluated with Blum's method, 
and then multiplied by the respective correction factors,
[ (d/h)/(dH/h)(B1Uffl)] and [ (Mjaax)/(Minax)(Blun)]; in doing so, the 
depth of embedment (d) and the maximum bending moment 
(Mnax) as predicted by Blum's modification of Krey's method 
would be estimated. Blum's correction factors are shown 
in Fig. 2.11, as functions of both the angle of internal 
friction of the soil and the assumed ratio between the 
angle of wall friction and the angle of1 internal friction 
of the soil. It should be remembered that both the depth 
to the substitute force and the maximum bending moment 
were evaluated in the original version of Blum's method by 
considering the angle of wall friction to be zero, so that 
a correction was also required for the effect of wall 
friction. There was no limit equilibrium depth of 
embedment in Blum's method; the estimated value was the 
design value, because the factor of safety was assumed to 
be 1.0. Table 2.1 shows other design parameters for 
Blum's method.
The basis for a simpler method was subsequently provided 
by Schmidt (1942), Verdeyen and Roisin (1953), Grundbau 
Taschenbuch (1955), and British Steel Corporation (1976). 
Both the correction factor for the depth of embedment and 
the correction factor for the maximum bending moment were 
ignored. The position of the bottom of the wall was 
instead determined by simply multiplying the distance from 
the point of null net normal stress to the substitute 
force (dH') by a constant (Fig. 2.10). Design parameters 
adopted in these methods are shown in Table 2.1.
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Finally, the position of the bottom of the wall has been 
obtained with modern versions of Blum's method by 
multiplying the depth from the excavation level to the 
substitute force (dH) by a constant such as 1.2 (Costet and 
Sanglerat, 1969; Padfield and Mair, 1984; Clayton and 
Milititsky, 1986). No bending moment correction is 
considered in these methods. Blum's method has therefore 
changed little since its introduction; the few 
modifications so far proposed intended mainly to simplify 
further the calculation procedure. Fig. 2.11 indicates 
that, provided wall friction is realistically estimated 
(as is normal in modern usage), the depth correction 
factor will not exceed about 1.1.
Conversely, the selection of design parameters has changed 
considerably since Blum's method introduction. Modern 
versions of Blum's method adopt design parameters which 
have to some extent been influenced by contemporary 
research findings. A discussion about factors influencing 
design is carried out in Section 2.3. It refers mainly to 
design parameters for modern versions of Blum's method. 
Table 2.1 outlines some of these parameters.
2.2.4 Rowe's method
Rowe (1951) introduced a design method for free embedded 
cantilever walls based upon small-scale model experiments. 
The distribution of net normal stress was assumed as shown 
in Fig. 2.12. A horizontal force (H) was assumed at the 
base of the wall in order to satisfy equilibrium of 
horizontal forces, but Rowe did not consider (as Blum had 
done) that the wall itself extended below the depth to 
this force. The design depth of embedment (d) was 
obtained from the distribution of net normal stress shown
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in Fig. 2.12(a), by taking moments about the bottom of the 
wall. A factor of safety on the passive earth pressure 
coefficient and an angle of wall friction on the passive 
side (<SP) equal to zero were assumed. The angle of wall 
friction on the active side (6a) was assumed equal to two- 
thirds of the angle of internal friction of the soil. The 
failure. depth of embedment (df) was calculated using 
the same distribution of normal stress, but with an 
unfactored passive earth pressure coefficient and an angle 
of wall friction equal to two-thirds of the angle of 
internal friction of the soil on both sides of the wall.
The maximum bending moment was evaluated at the point of 
zero shear force from the distribution of net normal 
stress shown in Fig. 2.12(b), using the value of design 
depth of embedment determined from Fig. 2.12(a). Full 
mobilization of passive normal stress was assumed 
immediately below the excavation level, but partial 
mobilization was assumed for depths below the depth to the 
maximum net normal stress t (Fig. 2.12(b)), which was 
calculated by taking moments about the lower end of the 
wall. For the purpose of evaluating bending moments, 
active and passive coefficients of earth pressure were 
determined in Rowe's method by considering the angle of 
wall friction equal to two-thirds of the angle of internal 
friction of the soil. The value of maximum bending moment 
calculated with Rowe's method corresponded to the case of 
a perfectly rigid wall; the influence of wall flexibility 
was considered separately (see Section 2.3.6). Table 2.1 
shows design parameters as assumed in Rowe's method.
According to Rowe (1951), the distribution of net normal 
stress in Fig. 2.12(a) simulated his measurements of 
normal stress for the wall at failure. Similarly, the 
distribution of net normal stress in Fig. 2.12(b)
27
simulated his measurements of normal stress for the safe 
wall. By comparing measurements of wall displacement,
Rowe (1951) noticed that the length of wall comprised 
between the centre of rotation and the lower end of the 
wall was generally small. This length was therefore 
disregarded, and the wall was assumed in Rowe's method to 
rotate about the lower end. For the same reason, measured 
normal stresses below the centre of rotation of the wall 
were not simulated in Fig. 2.12(a), nor in Fig. 2.12(b).
A different interpretation then resulted for the role of 
the horizontal force at the lower end of the wall, 
necessary to restore equilibrium of horizontal forces in 
Figs. 2.12(a) and 2.12(b). This force was interpreted in 
Rowe's method as including the resultant of horizontal 
shear stresses acting between soil and wall at the lower 
end of the wall; it was not considered as being solely a 
substitute force for normal stresses below the centre of 
rotation of the wall, as in Blum's method. No increase in 
depth of wall below the depth.to the horizontal force was 
therefore thought to be necessary in Rowe's method.
It can be demonstrated that the smaller the depth of 
embedment in Fig. 2.12(b), the deeper becomes the point of 
maximum net normal stress, provided the height of retained 
soil is kept unchanged (Rowe, 1951). It can also be shown 
that, at failure, the depth of embedment and the depth to 
the point of maximum net normal stress must be the same 
(d=t). Fig. 2.12(b) then becomes identical to Fig. 
2.12(a). The use of two distributions of net normal 
stress in Rowe's method, one to evaluate the design depth 
of embedment, and another to evaluate the design maximum 
bending moment, seems therefore to have some theoretical 
validity, as well as empirical justification. Both 
distributions of net normal stress are theoretically
28
related to each other, albeit within the simple framework 
provided by Rowe's method.
Rowe (1951) recommended that the ratio between the angle 
of wall friction and the angle of internal friction of the 
soil generally be assigned a value of 2/3. The exception 
was when evaluating the design depth of embedment with 
Fig. 2.12(a). In this case, the angle of wall friction on 
the passive side was assumed equal to zero. Relatively 
large values of design depth of embedment would then be 
predicted for high angles of internal friction, which Rowe 
(1951) considered desirable in some circumstances, e.g. 
for the protection of sheet-pile walls against river 
scour.
Rowe's method does not seem to have been widely used in 
practice, but a revised version is currently in use 
(CIRIA, 1974; Hong Kong GCO,1982). In this version, the 
design value of the depth of embedment and the design 
value of the maximum bending moment are both calculated by 
assuming a distribution of normal stress on the wall 
resembling Blum's method. However, no further correction 
is made to the calculated depth of embedment, as in Rowe's 
method. Design parameters as assumed in this version are 
shown in Table 2.1.
2.2.5 Brinch Hansen's method
Brinch Hansen (1953) introduced a more refined method for 
the design of free embedded cantilever walls. In this 
method, the depth of embedment of the wall was evaluated 
by imposing all plane equilibrium conditions (equilibrium 
of moments, equilibrium of horizontal forces, and 
equilibrium of vertical forces) to both the wall and a
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contiguous body of soil bound by rupture surfaces. In 
order to select rupture surfaces with correct shapes, 
kinematic compatibility conditions between the wall and 
each rupture surface were required be satisfied, albeit in 
an approximate way. Both the safe wall and the wall at 
failure were analyzed in the same way, but the angle of 
internal friction of the soil was reduced by the 
application of a factor of safety in the case of the safe 
wall.
Brinch Hansen (1953) considered the combination of rupture 
surfaces shown in Fig. 2.13(a) to be kinematically 
compatible with a perfectly smooth free embedded 
cantilever wall. Similarly, the combination of rupture 
surfaces in Fig. 2.13(b) was considered to be compatible 
with a perfectly rough wall. However, equations of 
equilibrium were shown to be complex to solve in both 
cases, and an approximate step by step solution was 
recommended. The approximate solution assumes the 
simplified distribution of normal stress shown in Fig. 
2.14.
The approximate solution uses active and passive earth 
pressure coefficients which are evaluated with Brinch 
Hansen's own earth pressure theory (Brinch Hansen, 1953). 
Unlike other earth pressure theories, Brinch Hansen's 
theory takes into account the position of the centre of 
rotation of the wall relative to the depth at which the 
normal stress is to be calculated. Brinch Hansen's 
approximate solution then needs four earth pressure 
coefficients to be evaluated? two correspond to active and 
passive normal stresses above the centre of rotation of 
the wall, Kax and KpX, and the other two, Kay and Kpy, 
correspond to normal stresses below the rotation centre.
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The design value of the maximum bending moment is first 
determined by searching for the point of zero shear force 
on the distribution of normal stress shown in Fig. 2.14. 
The depth of embedment (d) is then evaluated by adding an 
extra length of wall to the depth to the point of zero 
shear force (dc). The extra length of wall (Ad) is 
obtained by requiring equilibrium of horizontal forces and 
moments for the lower part of the wall, including the 
unbalanced moment at the point of zero shear force. The 
extra length of wall can be calculated using the empirical 
equations in Fig. 2.14. Although Brinch Hansen's 
approximate solution considers normal stresses to be 
constant below the point of zero shear force, results do 
not differ by more than a few per cent from those given by 
the more rigorous solution (Brinch Hansen, 1953).
Brinch Hansen's earth pressure theory has provided 
solutions for many types of earth retaining structures, 
including other types of embedded cantilever walls (e.g. 
anchored embedded cantilever walls without plastic hinges, 
anchored embedded cantilever walls with one or more 
plastic hinges, cantilever walls encastre at the top, and 
others). This theory and its applications form the basis 
of the Danish Code of Practice for Foundations (Danish 
Geotechnical Institute, 1978). It is also suggested for 
evaluation of earth pressure coefficients in the German 
Recommendations for Waterfront Structures (German 
Committee for Waterfront Structures, 1980).
2.3 Factors influencing design
Design methods for free embedded cantilever walls were 
reviewed in 2.2. These methods were developed along the
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same concept of a limit equilibrium analysis, but 
differing with respect to
(a) the shape of the distribution of normal stress on 
the wall,
(b) the method of computing the equilibrium of the 
wall;
(c) the theories used in derivation of earth pressure 
coefficients;
(d) the definition and magnitude of the factor of 
safety;
(e) the assumed distribution and direction of factor 
of safety;
(f) the method of obtaining shear strength 
parameters.
In addition, the method of construction of the wall and 
the state of initial stresses in the soil are also 
recognized as influencing design, despite not being 
explicitly included in the limit equilibrium calculations. 
Several possible combinations of the available variations 
within these design facets have been or are in use. The 
consequence is a profusion of ways of designing free 
embedded cantilever walls, none of which has been 
justified by reference to observations of wall 
performance.
Designers therefore face the task of choosing between 
strict adherence in all aspects to an original method, or 
(as often happens nowadays) reinterpretation of a method
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in the light of modern techniques and knowledge. In the 
absence of detailed field observations of the behaviour of 
free embedded cantilever walls in granular soil, many 
variations of available design methods may appear 
reasonable. As an attempt to recognize permissible 
limits, a review of factors influencing design is 
undertaken in this section.
2.3.1 Shape of earth pressure distribution
Design methods for free embedded cantilever walls based on 
the limit equilibrium analysis were described in Section 
2.2. Active and passive normal stresses were assumed 
linearly distributed with depth in almost all methods. In 
some methods, passive normal stresses immediately below 
the excavation level were considered partially mobilized 
for the safe wall, with a distribution which was not 
linear with depth. However, even in this case, there was 
the underlying assumption that, if the wall was taken to 
failure, the corresponding distribution of passive normal 
stresses would then be linear with depth.
Terzaghi (1936) warned that the distribution of normal 
stress on a retaining wall at failure should depend on the 
mode of displacement of the wall. According to Terzaghi 
(1936), the distribution of normal stress on the wall at 
failure should only be assumed linear with depth if the 
mode of displacement of the wall was compatible with 
homogeneous mobilization of shear strength in the soil. 
This was considered to be true in the case of a retaining 
wall rotating about its base, but not in the case of a 
retaining wall rotating about the top (Terzaghi, 1936). 
Earth pressure theories do not distinguish between such 
cases, unless kinematic compatibility between wall and
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soil is considered, as in Brinch Hansen's theory. On the 
other hand, the soundness of the assumption of normal 
stresses linearly distributed with depth at failure may be 
assessed with more advanced analytical methods, such as 
the finite element method, and by experiments.
Fourie and Potts (1989) analyzed the case of a free 
embedded cantilever wall built by dredging in a low Kc soil 
(Fig. 2.15). For the safe wall, normal stresses on the 
retained side of the wall were approximately linearly 
distributed with depth above the excavation level, and 
were shown to resemble active normal stresses. Normal 
stresses on the retained side of the wall appeared to be 
intermediate between active and at-rest immediately above 
the centre of rotation, with a non-linear distribution 
with depth. On the other side of the wall, normal 
stresses were generally non-linearly distributed with 
depth, but appeared to be approximately linearly 
distributed with depth (and resembling passive normal 
stresses) for a small distance immediately below the 
excavation level. For the wall at failure, the 
distribution of normal stress on both sides of the wall 
was shown to be approximately linear with depth above the 
centre of rotation of the wall, both resembling active and 
passive normal stresses. Normal stresses between active 
and at-rest were still acting on one side of the wall in 
the vicinity of the centre of rotation. Normal stresses 
on the wall seemed to be generally non-linearly 
distributed with depth below the centre of rotation of the 
wall in any circumstance.
Small-scale model experiments with retaining walls 
rotating about the base were described by Matteoti (1970) 
and Fang and Ishibashi (1986). Normal stresses on the 
wall applied by loose sand were measured, and active
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normal stresses were expected to be mobilized, as both 
walls rotated away from the sand mass. Both the geometry 
of the experimental facility and the distribution of 
normal stress at the onset of failure are shown in Fig.
2.16, for the case of Matteoti's experiments, and in Fig.
2.17, for the case of Fang and Ishibashi's experiments. 
Both figures show slightly curvilinear distributions of 
normal stress, with smaller normal stresses near the base 
in the case of Matteoti's results, but the opposite in the 
case of Fang and Ishibashi's results. Examining the 
geometry of each experimental facility, it is noticeable 
that the centre of rotation of Matteoti's wall is slightly 
below the bottom of the tank, and that Fang and 
Ishibashi's wall is instead hinged well above the bottom 
of the tank. The geometry of Matteoti's wall suggests 
that normal stresses may have been relieved at the base 
probably by arching, originated by the shear stress being 
mobilized between the soil and the bottom of the tank with 
the outwards displacement of the wall at this level. 
Conversely, Fang and Ishibashi's wall showed larger normal 
stresses at the hinge probably because at-rest normal 
stresses were not relieved there, due to the lack of any 
outwards displacement of the wall at this level. 
Consequently, the shape of the distribution of normal 
stresses for a wall rotating about the base seems to 
depend on particular boundary conditions at the base.
Milligan and Bransby (1976) performed small-scale model 
experiments with walls hinged at a point above the base.
In these experiments, normal stresses on the wall applied 
by dense sand were measured; active normal stresses were 
expected to be mobilized above the hinge, and passive 
normal stresses were expected below this point (Fig.
2.18). However, normal stresses resembling active normal 
stresses were shown being mobilized not only above the
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hinge, but also to some extent below the hinge. Milligan 
and Bransby (1976) interpreted the relief of normal stress 
below the hinge as an arching phenomenon generated by the 
very large passive normal stresses which were measured at 
the base. Milligan and Bransby's results are to some 
extent analogous to Matteoti's results.
Lyndon and Pearson (1984) performed a centrifuge test with 
a small-scale model of a free embedded cantilever wall in 
glass ballotini. In this experiment, dredging was 
simulated, and normal stresses on the wall were measured 
as the wall rotated about a point somewhere above the 
lower end (Fig.2.19). At the onset of failure, active 
normal stresses seemed to be acting above the centre of 
rotation of the wall, but small passive normal stresses 
appeared to be mobilized below this point. The 
distribution of normal stresses seemed to be curvilinear 
to Lyndon and Pearson (1984), although a straight line 
could perhaps be similarly fitted through the experimental 
points. Lyndon and Pearson's results seem to some extent 
to be analogous to Fang and Ishibashi's results. On the 
excavated side of the wall, the distribution of normal 
stress seemed to be non-linear, even at the onset of 
failure. Passive normal stresses seemed to be acting only 
immediately below the excavation level (Fig. 2.19).
The most comprehensive set of experiments performed so far 
with models of free embedded cantilever walls was due to 
Rowe (1951). Unfortunately, the distribution of normal 
stress on the wall was not shown in sufficient detail? 
only sketches without experimental points were published. 
Rowe's distributions of normal stress are therefore not 
considered for this discussion.
36
Bearing in mind available experimental evidence, it 
appears that normal stresses linearly distributed with 
depth may be assumed to act on the retained side of free 
embedded cantilever walls, and be considered as active 
normal stresses. There are doubts about the shape of the 
distribution of normal stress near the centre of rotation 
of the wall, but this would not affect the calculation of 
the maximum bending moment. The most important 
uncertainty is related to the shape of the distribution of 
normal stress on the excavated side of the wall, both in 
the case of the safe wall and in the case of the wall at 
failure. Available experimental evidence suggests that 
passive normal stresses might be assumed to act only 
immediately below the excavation level, and that the 
distribution of normal stress is non-linear for larger 
depths, even at failure. Further discussion on passive 
normal stresses is made in Section 2.3.2, in connection 
with evaluation of earth pressure coefficients.
2.3.2 Earth pressure coefficients
The evaluation of active earth pressure coefficients is 
relatively straightforward for all design methods for free 
embedded cantilever walls, as existing theories do not 
lead to significantly different solutions. Even 
differences in the angle of wall friction do not lead to 
largely different horizontal forces applied to the wall 
(Fig. 2.20 (a)). Conversely, passive earth pressure 
coefficients are greatly influenced by the shape of the 
rupture surface assumed for their derivation and also by 
the assumed angle of wall friction (Fig. 2.20(b)).
Earth pressure coefficients can be calculated using 
continuum mechanics technigues. A system of two partial
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differential equations of equilibrium can be derived by 
considering the equilibrium in the plane of an infinitely 
small element of soil. In these equations, shear stresses 
and normal stresses in the soil can be related by 
Coulomb's failure criterion. By considering boundary 
conditions representing a horizontal soil surface and a 
smooth vertical wall, a closed form solution can be 
obtained, known as Rankine's earth pressure theory. A 
number of design methods for free embedded cantilever 
walls adopted in the past earth pressure coefficients from 
Rankine's theory (Engels, 1903? Jacoby, 1941; Kollbrunner, 
1948; Jumikis, 1964). Nowadays, Rankine's passive earth 
pressure coefficients are considered too low, due to the 
assumption of a smooth vertical wall (Fig. 2.20).
A closed form solution is impossible for the system of 
partial differential equations of equilibrium in the case 
of a horizontal soil surface and a rough vertical wall 
(unless the soil is assumed weightless). An approximate 
solution expressed in terms of a power series was provided 
by von Karman (1926), but only for the active case.
Another approximate solution, calculated with the method 
of characteristics, was given by Sokolovskii (1960). In 
the method of characteristics, the system of partial 
differential equations of equilibrium is reduced by a 
transformation of coordinates to an equivalent system of 
ordinary differential equations, which can be solved by 
the finite difference method. By using Sokolovskii's 
solution, Lee and Herington (1974) obtained active and 
passive earth pressure coefficients [not previously 
tabulated in Sokolovskii (1965)] for the case of a 
horizontal soil surface and a vertical rough wall (Fig. 
2.20). Fourie and Potts (1989) recommended Lee and 
Herington's earth pressure coefficients for use in limit 
equilibrium analysis.
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Other approximate solutions for the case of a rough 
vertical wall have been proposed. By considering the 
equilibrium in the plane of an infinitely narrow wedge of 
soil extending from the top of the wall to the rupture 
surface, Caquot and Kerisel (1948) derived a system of two 
ordinary differential equations of equilibrium, which 
could be solved in terms of Taylor's series. Caquot and 
Kerisel's solution was used to compile tables of earth 
pressure coefficients (Caquot and Kerisel, 1948) which are 
widely used nowadays. As a result, Caquot and Kerisel's 
earth pressure coefficients have been adopted by the 
majority of design methods for free embedded cantilever 
walls currently in use (Costet and Sanglerat, 1969; U.S. 
Steel, 1975; Hong Kong GCO, 1982; Padfield and Mair, 1984; 
Clayton and Milititsky, 1986).
Another approximate solution was proposed by Brinch Hansen 
(1953). The system of partial differential equations of 
equilibrium in the plane was solved by assuming the 
rupture surface as an assembly of rectilinear and circular 
segments. The shape of the assembly of rupture surfaces 
was chosen by considering the kinematic compatibility 
between the wall and each rupture surface, albeit in an 
approximate way. A wall rotating about the top could then 
be analyzed with an assembly of rupture surfaces which was 
not the same as in the case of a wall rotating about the 
base. Consequently, different values of earth pressure 
coefficients were predicted for the cases of walls 
rotating about the top and about the base (Fig. 2.20). 
Brinch Hansen's method for the design of free embedded 
cantilever walls uses these coefficients (Brinch Hansen 
and Lundgren, 1960).
The simplest solution for the case of a rough vertical 
wall is based upon Coulomb's method (Clayton and
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Milititsky, 1986). Active and passive earth pressure 
coefficients can be evaluated by considering the limit 
equilibrium of a rigid wedge of soil bound by the rough 
vertical wall and by a planar rupture surface in the soil 
(Krey, 1932). Some design methods for free embedded 
cantilever walls have adopted Coulomb's earth pressure 
coefficients in the past (Krey, 1932; Rowe, 1951; Grundbau 
Taschenbuch, 1955). Coulomb's passive earth pressure 
coefficients are optimistic once the angle of wall 
friction exceeds 10°, because the assumed rectilinear 
rupture surface then departs from the correct curvilinear 
shape; and are no longer recommended for practical use 
(Clayton and Milititsky, 1986).
An empirical solution to this problem was provided by 
Franzius (1924). Based upon large-scale passive earth 
pressure experiments in sand, Franzius (1924) proposed the 
very simple law that the horizontal component of the 
passive earth pressure coefficient should be adopted with 
a value equal to twice the corresponding Rankine's value, 
once the angle of internal friction of the soil exceeded 
30°. Because of its simplicity, Franzius' empirical law 
was later included in a number of design methods for free 
embedded cantilever walls (Schmidt, 1942; Verdeyen and 
Roisin, 1953). Franzius' experimental work has been 
criticized, on the grounds that side friction in his test 
tank was probably high, due to the low width/height ratio 
used (Rowe and Peaker, 1965).
Horizontal components of passive earth pressure 
coefficients (Kph) as given by different theories are 
compared in Fig. 2.20(b). Theories which assume 
curvilinear rupture surfaces, such as Caquot and Kerisel 
(1948), Brinch Hansen (1953), and Lee and Herington 
(1974), predict similar values. Such values are
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significantly larger than Rankine's earth pressure 
coefficients, but smaller than Coulomb's earth pressure 
coefficients.
Rowe and Peaker (1965) performed passive earth pressure 
experiments in sand. A small-scale model wall was moved 
against the sand mass by horizontal translation or by a 
combination of horizontal and vertical translations. Fig. 
2.21 shows that, for the same angle of wall friction, the 
experimental value of passive earth pressure coefficient 
is smaller than the corresponding theoretical value in the 
case of dense sand; both values are instead similar for 
loose sand. The smaller result for dense sand has been 
interpreted as a result of progressive rupture in the soil 
mass (Rowe and Peaker, 1965). By "theoretical passive 
earth pressure coefficient", Rowe and Peaker (1965) meant 
an average line representing passive earth pressure 
coefficients given by theories considering curvilinear 
rupture surfaces, such as Brinch Hansen (1953) and 
Sokolovskii (1960).
Other passive earth pressure experiments were performed in 
sand by James and Bransby (1970). A small-scale model 
wall was moved against the sand mass by rotation about the 
base. Fig. 2.22 shows the distribution of normal and 
shear stresses on the wall for a test with dense sand at 
two different angles of rotation. As the wall rotates, 
passive normal stresses are progressively mobilized 
downwards along the wall, starting from the top of the 
wall. At a large rotation, passive normal stresses on the 
top of the wall start to fall. James and Bransby (1971) 
observed the simultaneous development of shear bands near 
the top of the wall, a phenomenon which was associated 
with the reduction in passive normal stress at the same 
location. Basically, the soil mass was considered then to
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break down to an assembly of semi-rigid blocks moving 
along shear bands. It was deduced that shear bands 
consist of a thin layer of fully dilated soil, where the 
soil angle of internal friction may be assumed equal to 
the critical state value. The mode of displacement of the 
wall is similar in James and Bransby's experiments to the 
mode of displacement of a free embedded cantilever wall in 
relation to the soil at the excavated side of the wall.
By analogy, passive normal stresses might never be fully 
mobilized below the excavation level for the case of free 
embedded cantilever walls in dense sand. This could have 
important implications for some design methods. For 
example, the recommendation of designing for bending 
moment with a factor of safety equal to 1.0 (Padfield and 
Mair, 1984) might become unsafe.
On the other hand, these experimental results make the 
prospect of finding an entirely satisfactory earth 
pressure theory for use in limit equilibrium methods 
hopeless. In practice, it is necessary only to achieve a 
reasonable compromise between accuracy and practicability, 
and established earth pressure theories which assume 
curvilinear rupture surfaces, such as Caquot and Kerisel's 
theory, appear adequate when used with a reasonable factor 
of safety.
2.3.3 Factors of safety
A number of definitions of factor of safety have been 
proposed for use with design methods based on the limit 
equilibrium analysis. For the case of free embedded 
cantilever walls, both the design value of the depth of 
embedment and the design value of the maximum bending 
moment are affected by the choice of the definition of
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factor of safety. The effect can be demonstrated with 
parametric studies; other design parameters being 
constant, the same increase in depth of embedment implies 
a different increase in the value of factor of safety for 
each definition.
If a small increase in depth of embedment implies a very 
large increase in factor of safety, then the definition is 
said to be inconsistent (Burland, Potts and Walsh, 1981? 
Potts and Burland, 1983; Symons and Kotera, 1987). One 
definition of factor of safety which might be classified 
as inconsistent is Niebuhr's definition (Niebuhr, 1929). 
This definition states that the factor of safety is the 
ratio between the passive normal stress at the lower end 
of the wall and the applied (safe) normal stress at the 
same depth. As data presented by Niebuhr (1929) suggests, 
an increase in depth of embedment of about 20 % may result 
in some circumstances in a factor of safety about ten 
times larger. Niebuhr's definition was used in connection 
with Krey's method; modern versions of this method (e.g. 
U.S. Steel, 1975) adopt instead a factor of safety on the 
depth of embedment, by multiplying the limit eguilibrium 
depth of embedment by a value larger than 1.0 (Table 2.1).
The present-day argument about the consistency of the 
definition of factor of safety has been mainly connected 
with the use of modern versions of Blum's method. The 
consistency of the definition of factor of safety was 
discussed for the case of propped embedded cantilever 
walls by Burland, Potts and Walsh (1981) and by Potts and 
Burland (1983). A similar study, but for the case of free 
embedded cantilever walls, was presented by Symons and 
Kotera (1987).
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By means of parametric studies, Symons and Kotera (1987) 
observed the effect on each definition of factor of safety 
of variations in other design parameters. Fig. (2.23) 
outlines conclusions relevant to cohesionless soil. In 
this figure, four definitions of factor of safety are 
compared:
(a) Fs - factor of safety on the tangent of the angle 
of internal friction of the soil [Padfield and Mair, 
1984; Danish Geotechnical Institute, 1986; also in 
Hong Kong GCO (1982), but in the latter only for 
evaluation of Kph];
(b) Fp - factor of safety on the passive earth 
pressure coefficient (Costet and Sanglerat, 1969; 
Padfield and Mair, 1984; Clayton and Milititsky,
1986; Institution of Structural Engineers, 1951; 
Verdeyen and Roisin, 1953; also in Rowe, 1951);
c) Fr - factor of safety between moments of net 
resisting and net activating normal stresses; i.e. 
which are evaluated by removing from both passive and 
active normal stresses the contribution of active 
normal stresses due to the soil below the excavation 
level (Burland, Potts and Walsh, 1981; Padfield and 
Mair, 1984);
d) Fnp - factor of safety on the passive net normal 
stress (British Steel Corporation, 1976).
Symons and Kotera (1987) suggested that the definition of 
factor of safety on the tangent of the angle of internal 
friction of the soil (Fs) might be the most adequate for 
design, because it shows a more gradual increase with 
depth of embedment than other definitions (Fig. 2.23).
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Symons and Kotera (1987) also concluded that the 
definition of factor of safety on the passive net normal 
stress (Fnp) should be classified as inconsistent, as the 
value of factor of safety appears to increase rapidly with 
the depth of embedment. On the other hand, Padfield and 
Mair (1984) recommended that all definitions of factor of 
safety should be used simultaneously for design, except 
Fnp; design values of depth of embedment should then be 
selected from within the consequent range of calculated 
values.
A different approach is followed in Section 2.4.
Parametric studies are performed in Section 2.4 with all 
design methods as published, i.e. by considering the 
simultaneous influence of all design parameters. These 
methods are then judged by reference to experimental 
evidence. However, in consideration of Symons and 
Kotera's conclusion, the design method proposed by the 
British Steel Corporation (1976) has been excluded because 
it adopts a factor of safety on the passive net normal 
stress (Fnp).
2.3.4 Shear strength parameters
a) angle of internal friction
The deformation and failure of a free embedded cantilever 
wall is a plane strain problem. For consistency, design 
methods should use plane strain angles of internal 
friction (0ps). However, complex research-type laboratory 
equipment are needed for this purpose (Cornforth, 1964; 
Rowe, 1969; Stroud, 1971). As a consequence, current 
design methods have attempted to use triaxial compression
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angles of internal friction (0tc), frequently by means of 
empirical correlations with in situ penetration data.
However, interest in using plane strain angles of internal 
friction is increasing, as improved empirical 
correlations with other parameters are now available. 
Bolton (1986) proposed estimating the plane strain angle 
of internal friction of sands by means of a simple 
correlation with both the critical state angle of internal 
friction (0CV) and the maximum angle of dilation (f), the 
former measured by a slope test and the latter by another 
type of test, e.g. a triaxial compression test. Jewell 
and Wroth (1987) and Jewell (1989) proposed instead 
estimating the plane strain angle of internal friction of 
sands by means of a correlation with both the angle of 
internal friction measured in the direct shear test (0ds) 
and the angle of dilation measured in the same test. On 
the other hand, correlations between results from the 
triaxial compression test and the cone penetration test 
have also been recently improved (Been et al, 1987; 
Jamiolkowski et al, 1987). This raises the further 
possibility of estimating the plane strain angle of 
internal friction of the soil from some simple correlation 
with the triaxial compression angle of internal friction. 
One such correlation was proposed by Matsuoka (see Wroth, 
1984), and another was recommended in the Danish Code of 
Practice for Foundation Engineering (Danish Geotechnical 
Institute, 1986).
The use of larger (although more realistic) values of 
angle of internal friction may imply a few problems for 
design. Bearing in mind that classical correlations 
between the triaxial compression angle of internal 
friction and results from either the standard penetration 
test or the cone penetration test (Sanglerat, 1972; Peck,
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Hanson and Thorburn, 1984) are probably conservative, 
large margins of safety are probably unwittingly 
incorporated in most current design. By adopting values 
of plane strain angle of internal friction, such margins 
could be eroded.
An analogous situation appears to have happened in the 
past. As explained in Section 2.1.2., the design approach 
mostly followed earlier this century consisted of using 
the angle of repose of the soil in combination with a 
factor of safety equal to 1.0. Design therefore relied 
upon an implicit factor of safety. However, site 
investigation technigues evolved with time and more 
realistic values of angle of internal friction (i.e. 
higher) became available. As a consequence, Annen (1964) 
warned that the practice of designing free embedded 
cantilever walls with a factor of safety equal to 1.0, 
then still recommended by Grundbau Taschenbuch (1955), was 
probably unsafe.
It is therefore useful to compare current design methods 
for free embedded cantilever walls with available 
experimental evidence while adopting the angle of internal 
friction of the soil as equal to the plane strain value. 
Such a comparison is attempted in Section 2.4.
b) angle of wall friction
In the past, some designers believed that free embedded 
cantilever walls were too light and therefore unable to 
restrain vertical soil movements. Such structures were 
expected to "float" within the moving soil, and only 
insignificant mobilization of wall friction was believed 
to occur in this case. Consequently, the influence of
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wall friction was discounted for the design of free 
embedded cantilever walls (Terzaghi, 1943; Kollbrunner, 
1948; Jumikis, 1964).
A different opinion was expressed by Krey (1932). Before 
developing his design method, Krey (1932) performed a 
gualitative experiment with a small-scale model of free 
embedded cantilever wall in sand. The wall was taken to 
failure by excavating the sand at one side. No 
measurements were taken, but movements of particles of 
sand near to the wall were observed through a glass 
window. As excavation progressed, particles of sand on 
the retained side of the wall were observed to move 
downwards in relation to the wall, and particles on the 
excavated side of the wall were observed to move upwards. 
However, movements of particles very near to the wall 
appeared to be restrained. Krey (1932) then concluded 
that shear stresses were likely to be acting between soil 
and wall; and that for the wall at failure these shear 
stresses could be interpreted as friction components of 
active or passive stresses. Wall friction was therefore 
assumed to be acting on the retained side of the wall with 
a downwards direction. Wall friction was instead assumed 
to be acting upwards near the excavation level, but also 
downwards near the lower end of the wall. As a result, 
Krey's method for the design of free embedded cantilever 
walls was developed considering the influence of wall 
friction, notwithstanding how light such walls could 
appear to be. The only reguirement was that directions of 
wall friction on active and passive sides should be 
assumed opposing one another in a way which could 
implicitly fulfil eguilibrium of vertical forces (Krey, 
1932).
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Experimental evidence supporting Krey's view was obtained 
by Rowe (1951). Small-scale model experiments with free 
embedded cantilever walls in sand showed large passive 
normal stresses acting immediately below the excavation 
level, a result which could only be explained by assuming 
significant wall friction acting upwards. More recently, 
a similar result was obtained with a centrifuge test 
performed by Lyndon and Pearson (1984). In addition, 
relatively small passive normal stresses were observed 
below the centre of rotation of the wall in this 
centrifuge test, which is consistent with Krey's 
assumption of wall friction acting downwards at this 
location. Fourie and Potts (1989) reached similar 
conclusions by means of a finite element analysis.
Passive normal stresses were shown by Fourie and Potts 
(1989) to be very small below the centre of rotation of 
the wall (Fig. 2.15), and the direction of wall friction 
was downwards. The mobilized angle of wall friction was 
approximately equal to the angle of internal friction of 
the soil along the whole length of the wall in Fourie and 
Potts's analysis, a result which is difficult to 
interpret.
Modern design methods for free embedded cantilever walls 
based on limit equilibrium analysis usually assume that 
the angle of wall friction is a uniformly mobilized 
fraction of the angle of internal friction of the soil. A 
value between one half and two thirds of the angle of 
internal friction of the soil is often adopted in practice 
(Table 2.1). Experimental evidence, however, suggests 
that the mobilized angle of wall friction in sands may 
vary with wall roughness, rotation, and depth (Milligan 
and Bransby, 1976). The influence of wall roughness was 
clarified by Kishida and Uesugi (1987).
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By means of interface simple shear tests, Kishida and 
Uesugi (1987) have shown that, the larger the ratio 
between surface roughness and mean particle size, then the 
larger is the mobilized angle of interface friction. For 
values of normalized roughness larger than about 0.1, the 
mobilized angle of interface friction is approximately 
equal to the plane strain angle of internal friction of 
the sand. In addition, for very large normalized 
roughness, a rupture surface appears inside the sand, 
parallel to the wall. Kishida and Uesugi (1987) define 
"normalized roughness" as the maximum height of asperity 
(measured along a length of interface equal to the mean 
particle size) divided by the mean particle size.
By means of small-scale experiments with model walls 
hinged near the lower end, Bransby and Milligan (1976) 
observed the influence of wall rotation and depth on the 
mobilization of wall friction. Walls which were 
relatively smooth were tested.in dense sand (the roughness 
was not measured), and both normal and shear stresses on 
the wall were measured. In these experiments, the angle 
of wall friction increased with wall rotation to about 
one-half of the peak value of the plane strain angle of 
internal friction of the sand, but only near the upper and 
lower ends of the wall? the angle of wall friction was 
instead very small near to the hinge. Bransby and 
Milligan (1976) also observed that the direction of wall 
friction was downwards above the hinge (i.e. the active 
side), but upwards below the hinge (the passive side). 
Coincidently, large passive normal stresses were also 
measured below the hinge. Milligan and Bransby's 
measurements of passive normal stress and wall friction 
below the hinge are therefore in conflict with Krey's 
design recommendations, with Lyndon and Pearson's 
experimental results, and also with Potts and Fourie's
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finite element results (where passive normal stresses are 
small below the centre of rotation of the wall).
The lack of agreement in available experimental evidence 
might have important implications for design. For 
example, the consequence of adopting Krey's assumption of 
downwards wall friction below the centre of rotation of 
the wall is equivalent in Krey's method to a factor of 
safety on depth of embedment of 1.2-1.3, in comparison to 
the opposite (and more usual) assumption.
2.3.5 Construction methods
Construction methods are considered to influence the 
behaviour of free embedded cantilever walls by modifying 
the initial state of stress in the soil. For example, in 
the case of heavily over-consolidated clay (i.e. soils 
with K0 approaching Kph), initial horizontal stresses may 
be relieved to values well below Kph if the wall is built 
by using diaphragm walling. No relief is expected when 
using sheet-piling. Larger horizontal displacements are 
then expected for walls built of sheet-piling as 
excavation is carried out, because larger initial 
horizontal stresses have then to be relieved (not 
considering the additional influence of wall flexibility). 
The influence of construction methods may be difficult to 
quantify, because initial horizontal stresses in the soil 
are usually difficult to measure. Because numerical 
analysis require initial stresses as input parameters, 
comparison between numerical analysis and field 
measurements might be therefore difficult to interpret, as 
shown for the case of propped embedded cantilever walls 
built by diaphragm walling in over-consolidated clay 
(Fourie, 1984).
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In the case of sand (i.e. Kc approaching Kah), the 
literature also indicates that construction methods 
influence the behaviour of free embedded cantilever walls. 
However, the implication of building the wall by dredging 
or by backfilling has been of primary concern in past 
studies. For a model free embedded cantilever wall in 
dense sand, Bransby and Milligan (1975) reported a larger 
horizontal displacement at the top of a backfilled wall 
than at the top of a dredged wall. This difference in 
behaviour was attributed to reduced deformations in the 
final layers of sand placed in the backfilled test, which 
would apply normal stresses on the top of the wall nearer 
to at-rest stresses than fully active stresses. Bransby 
and Milligan's findings are consistent with results 
obtained by Tschebotarioff (1949) with large-scale models 
of anchored sheet-pile walls in sand.
In these experiments, larger bending moments and larger 
anchor forces were measured for a backfilled test in 
comparison with a similar, but dredged test. This was 
also interpreted as evidence of larger normal stresses 
being applied on the wall by the final layers of sand in 
the backfilled test. As a consequence, current design 
methods for free embedded cantilever walls seem to 
correspond to the dredged construction method, as active 
normal stresses are assumed in the limit equilibrium 
analysis.
2.3.6 Wall flexibility
Wall flexibility affects the value of maximum bending 
moment of all types of embedded cantilever wall, but this 
influence is particularly important in the case of 
anchored walls in sand (Tschebotarioff, 1949; Rowe, 1952;
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Terzaghi, 1953). The mechanism of reduction of bending 
moment with increasing wall flexibility is complex? a 
review was presented by Bjerrum, Clausen and Duncan 
(1972).
By means of small-scale model testing, Rowe (1951) showed 
the influence of wall flexibility on the maximum bending 
moment of free embedded cantilever walls in sand. In 
these experiments, wall height and wall bending stiffness 
were expressed together with the concept of "flexibility 
ratio" (Fig. 2.24). Rowe's tests showed that the larger 
the flexibility ratio, the smaller is the maximum bending 
moment of the wall. In addition, for a given flexibility 
ratio, the reduction in magnitude of maximum bending 
moment was shown to be larger for dense sand than loose 
sand (Fig. 2.24).
Rowe (1951) also proposed a mechanism to explain the 
dependence of the maximum bending moment on the 
flexibility ratio. In his view, the more flexible the 
wall, the larger is the horizontal displacement of the 
wall. Larger normal stresses are then mobilized 
immediately below the excavation level, and the point of 
zero shear force on the wall is less deep. The maximum 
bending moment is consequently smaller. The larger 
reduction of maximum bending moment in the case of dense 
sand can then be explained by considering that dense sand 
is stiffer, and therefore larger normal stresses can be 
mobilized for the same amount of horizontal displacement 
of the wall. This mechanism assumes the depth to the zero 
shear force to be larger than the depth to the point of 
maximum net normal stress (t) in Fig. 2.12(b).
Rowe's correction factors have not been widely used for 
the design of free embedded cantilever walls. A reason
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might be that an increase of wall flexibility implies an 
increase of horizontal displacement of the wall which is 
larger for a free embedded cantilever wall than for an 
anchored wall. The benefit of increasing wall flexibility 
in order to reduce the maximum bending moment has then to 
be weighed against the disadvantage of increasing wall 
displacements above the excavation level. Nevertheless, 
Padfield and Mair (1984) proposed evaluating the maximum 
bending moment by using a factor of safety equal to 1.0 in 
the limit equilibrium calculations. One of the arguments 
supporting their proposition was the beneficial influence 
of wall flexibility.
2.4 Assessment of design methods in the light of 
previous experimental work
In this section, depths of embedment and maximum bending 
moments of free embedded cantilever walls, as predicted by 
various design methods, are compared with one another and 
with available experimental data. Depths of embedment are 
evaluated for both safe walls and walls at failure, but 
maximum bending moments are evaluated only for safe walls. 
A simple soil profile has been chosen, consisting of 
homogeneous cohesionless soil with no groundwater and no 
surface surcharge. This simple profile allows comparison 
with available experimental data, despite not representing 
most design situations. This comparison is performed in 
terms of non-dimensional design parameters, as available 
data correspond to walls having different combinations of 
height of retained soil and depth of embedment.
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2-4-1 Review of previous experimental work
There is scant information on the behaviour of free 
embedded cantilever walls in granular soil. Small-scale 
model tests were performed by Rowe (1951), Bransby and 
Milligan (1975), and Lyndon and Pearson (1984). Data have 
been collected from these tests for comparison with design 
methods in Section 2.4.3.
Rowe (1951) conducted 1-g model tests with free embedded 
cantilever walls in both sand and fine gravel. A rigid 
wall 1.07 m high was instrumented with normal stress 
cells. The wall was located inside a concrete tank, its 
base resting directly on the bottom of the tank. Both 
sides of the tank were lined with steel plates, which were 
vibrated before each set of readings in order to relieve 
friction. Normal stresses, bending moments, displacements 
of the top of the wall, and depths of embedment at failure 
were measured for each test (Rowe, 1951). All tests were 
performed by dredging.
Bransby and Milligan (1975) described 1-g model tests with 
free embedded cantilever walls in coarse sand. The wall 
was about 0.33 m high, and no wall instrumentation was 
used. The wall was placed inside a glass-walled tank, 
well above the bottom of the tank. Soil displacements 
were recorded by radiographing lead shots buried in the 
soil mass, as suggested by Roscoe, Arthur and James 
(1963). Rupture surfaces in dense sand appeared in these 
radiographs as darker bands, as noted by Roscoe (1970).
For each test, wall displacements, soil displacements, and 
depths of embedment at failure were measured, and rupture 
surfaces were also observed, as the sand was excavated at 
one side of the wall.
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Lyndon and Pearson (1984) performed centrifuge tests with 
an instrumented model of free embedded cantilever wall in 
glass ballotini. The wall was about 0.19 m high, but its 
height was equivalent to a prototype height of 11.1 m when 
the centrifuge was in operation. In each test, normal 
stresses (measured with narrow beam-type normal stress 
transducers, which were instrumented with electrical 
resistance strain gauges), wall displacements, and depths 
of embedment at failure were measured while the sand was 
excavated at one side of the wall. Results from small- 
scale model tests can be sensitive to details of 
experimental technique (Roscoe, 1968). The interpretation 
of test results may require the knowledge of details such 
as wall geometry, wall size, soil type, tank geometry, 
tank size, roughness of the sides of the tank, and type of 
instrumentation. Table 2.3 outlines some details from 
experiments performed by Rowe (1951), Bransby and Milligan 
(1975), and Lyndon and Pearson (1984). This point is 
further discussed in Section 4.2.1.
On the other hand, Fourie and Potts (1989) described a 
non-linear finite element analysis of a 20 m deep free 
embedded cantilever wall in clay. Fourie and Potts' 
analysis assumed zero pore water pressure, a condition 
which is comparable with model testing using dry granular 
soil. Consequently, results from this analysis have been 
collected for comparison with design methods in Section 
2.4.3. In Fourie and Potts' analysis, wall displacements, 
soil displacements, normal and shear stresses on the wall, 
bending moments and depths of embedment at failure were 
evaluated at several stages of excavation.
Bolton and Powrie (1988) described centrifuge tests 
performed with small-scale models of free embedded 
cantilever walls in clay. Data from these tests could not
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be used for comparison with design methods in Section 
2.4.3 because seepage was simulated. Carder and Symons 
(1989) described field measurements on a full-scale free 
embedded cantilever wall in clay. Once more, data from 
these tests could not been used for comparison with design 
methods because seepage due to unbalanced water levels was 
present.
2.4.2 Re-interpretation of existing data in terms of 
dimensionless parameters
Plane strain values of angle of internal friction have 
been determined for most modern small-scale model 
experiments (Bransby and Milligan, 1974; Lyndon and 
Pearson, 1984; Bolton and Powrie, 1988), but no 
information could be obtained on the way shear strength 
parameters were determined by Rowe (1951). However, 
direct shear values of angle of internal friction were 
reported in contemporary research on anchored walls (Rowe, 
1950). These values were identical to Rowe (1951) in the 
case of sand. In a later research, Rowe (1954) compared 
stress-strain relationships obtained for different 
granular soils by performing direct shear, triaxial 
compression and torsional tests. No major influence of 
the type of equipment was reported.
As a consequence, Rowe's values of direct shear angle of 
internal friction have been assumed to be equivalent to 
triaxial compression values. By means of a simple 
correlation between plane strain and triaxial compression 
angles of internal friction (Wroth, 1984), Rowe's direct 
shear angles of internal friction were re-interpreted in 
terms of plane strain angles of internal friction. This
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procedure is thought to be justifiable on the grounds that 
it allows old and new data to be brought to a common base.
Experimental values of normalized depth of embedment at 
failure (df/h) and normalized maximum bending moment 
(MBax/yh3) were calculated from each set of experimental 
data, whenever possible. Similar calculations were also 
performed for the finite element result. Table 2.3 
outlines these calculations. Experimental values of 
normalized depth of embedment at failure and normalized 
maximum bending moment are then shown in Figs. 2.25 and
2.26 respectively, in terms of both plane strain and 
triaxial compression angles of internal friction.
When plotted in terms of plane strain angles of internal 
friction, experimental values of normalized depth of 
embedment appear to be consistent within themselves; a 
virtually smooth line can be traced connecting all data 
points. This line shows that, the larger the angle of 
internal friction of the soil, the smaller is the 
normalized depth of embedment when the soil fails, a 
result predicted by design methods based on limit 
equilibrium analysis. Fig. 2.25 also shows the implicit 
margin of safety obtained from the use of triaxial 
compression test for the analysis; it is equivalent to a 
factor of safety on depth of embedment of approximately 
1.2-1.4.
Fig. 2.26 shows the influence of depth of embedment on the 
maximum bending moment; the larger the normalized depth of 
embedment, then the larger is the normalized maximum 
bending moment. However, the normalized maximum bending 
moment is approximately constant for normalized depths of 
embedment smaller than 1.0. There is more scatter in Fig.
2.26 than in Fig. 2.25, and a smooth line connecting data
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points is no longer possible. However, the trend towards 
smaller normalized maximum bending moments with increasing 
angles of internal friction is clear, a result also 
consistent with design methods based on the limit 
equilibrium analysis.
2.4.3 Comparison with design methods
Fig. 2.27 shows values of normalized depth of embedment 
corresponding to the wall at failure. These values have 
been calculated with several design methods listed in 
Table 2.1. However, only values calculated with a few 
design methods thought to be relevant to current design 
practice have been individually shown in Fig. 2.27. 
Otherwise, the range of values for all methods is shown in 
the same figure. Experimental values of normalized depth 
of embedment for the wall at failure are then superimposed 
on Fig. 2.27, together with Fourie and Potts' finite 
element result (Fourie and Potts, 1989).
When expressed in terms of plane strain angles of internal 
friction, experimental values of normalized depth of 
embedment for the wall at failure are shown to run 
approximately parallel to the lower and upper bounds of 
results of limit equilibrium calculations (Fig. 2.27).
The highest results in this figure were obtained with 
Jacoby's method (Jacoby, 1941), and the lowest results 
with Rowe's method (Rowe, 1951). Jacoby's method seems to 
give conservative results mainly because earth pressure 
coefficients are evaluated in this method with Rankine's 
theory. Conversely, Rowe's method seems to give 
optimistic results possibly because Coulomb's earth 
pressure coefficients have been used. On the other hand, 
values of normalized depth of embedment at failure
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obtained with design methods currently in use (Clayton and 
Milititsky, 1986; Costet and Sanglerat, 1969; Padfield and 
Mair, 1984; Hong Kong GCO, 1982; and U.S. Steel, 1978) 
seem to be similar to one another and also to the 
experimental data.
Fig. 2.28 shows values of normalized depth of embedment 
corresponding to the safe wall (d/h). Such values were 
calculated with several design methods listed in Table
2.1. Experimental values of depth of embedment for the 
wall at failure, expressed in terms of plane strain angles 
of internal friction, were superimposed on Fig. 2.28. In 
doing so, the factor of safety on depth of embedment could 
be calculated for each design method. It can be shown 
that this factor of safety, when evaluated assuming plane 
strain angles of internal friction, can vary from 
approximately 1.0 in the case of Lechner's method 
(Lechner, 1967) to more than 3.0 in the case of the Hong 
Kong GCO method (Hong Kong GCO, 1982). Lechner's method 
gives unsafe results because Coulomb's earth pressure 
coefficients are used in combination with a factor of 
safety equal to 1.0. The Hong Kong GCO method is 
conservative because a factor of safety on the tangent of 
the angle of internal friction of the soil is adopted with 
a value equal to 3.0 (a high value). The factor of safety 
on depth of embedment for a number of design methods 
currently in use is shown in Table 2.2.
Fig. 2.29 shows values of normalized maximum bending 
moment for the safe wall. These values were also 
calculated with several design methods listed in Table
2.1. Experimental values of normalized maximum bending 
moment at different values of the ratio d/h, expressed in 
terms of plane strain angles of internal friction, were 
superimposed on Fig. 2.29. Lechner's method (Lechner,
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1967) and the Hong Kong GCO method (Hong Kong GCO, 1982) 
predict the lowest and the highest values of normalized 
maximum bending moment for the safe wall, respectively. 
Assuming that a factor of safety on the depth of embedment 
equal to 2 is adequate, then design values of depth of 
embedment between 0.4 and 1.2 are necessary depending on 
the value of the angle of internal friction of the soil.
When design is carried out by assuming plane strain angles 
of internal friction, practically all design methods 
predict values of design maximum bending moment which are 
too low if the value of 0ps is large (Fig. 2.29). At low 
values of 0pB, Rowe's method (Rowe, 1951), Krey's method 
(Krey, 1932), and Padfield and Mair's method (Padfield and 
Mair, 1984), continue to predict low values of design 
maximum bending moment? however, the CGS method (Canadian 
Geotechnical Society, 1978), Brinch Hansen's method 
(Brinch Hansen and Lundgren, 1960), Costet and Sanglerat's 
method (Costet and Sanglerat, 1969), and Clayton and 
Milititsky's method (Clayton and Milititsky, 1986) then 
give acceptable results. Consequently, Padfield and 
Mair's recommendation to evaluate the design maximum 
bending moment with a factor of safety equal to 1.0 seems 
to be too optimistic.
2.5 The need for further experimental research
The comparison between design methods for free embedded 
cantilever walls and experimental data suggests that some 
methods are capable of providing good estimates of design 
depth of embedment and design maximum bending moment 
(Section 2.4). However, this seems to occur only if 
errors inherent in their simplified assumptions subtly 
compensate one another, as the usual non-consideration of
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the effect of progressive rupture being to some extent 
compensated by the adoption of the more conservative 
triaxial compression shear strength parameters.
Bearing in mind that plane strain values of angle of 
internal friction are being increasingly recommended for 
use in practice, the following areas appear to require 
further experimental research concerning the behaviour of 
free embedded cantilever walls in sand:
(a) for high values of plane strain angle of internal 
friction, it is not clear from experimental data if 
the passive normal stresses below the excavation 
level can be fully mobilized, even for the wall at 
failure; this is important to know when using design 
rules which assume full mobilization of Kph.
(b) available data is contradictory about the likely 
direction of wall friction below the centre of 
rotation of the wall, and also about the magnitude of 
the passive earth pressure coefficient at that 
location.
(c) more data points are needed in order to refine 
the relationship between the normalized depth of 
embedment for the wall at failure and the plane 
strain angle of internal friction of the soil.
(d) more data are also needed in order to refine the 
relationship between the normalized maximum bending 
moment and the plane strain angle of internal 
friction of the soil, as available data points show 
much scatter.
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(e) available data are too limited to allow a 
correlation between wall movements and other design 
parameters to be obtained.
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Table 2.2 Factors of safety on depths of embedment, 
obtained for design (i.e. safe) depths of 
embedment calculated as described by various 
authors
References 0ps=3O° 0ps=45°
(") n
Brinch Hansen (1953) 1.3 1.4
Clayton and Milititsky (1986) 1 .4 1.3
CGS (1978) l.i 1.1
Costet and Sanglerat (1969) 1.7 1.4
Padfield and Mair (1984) 
FA s 1.6 1.6
Fp 1.5 1.4
F 1.5 1.4
U.S. Steel (1975) 1.4 1.5
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Fig. 2.1 Typical assumed distribution of normal stress on 
a free embedded cantilever wall
(b)
uniform shear 
strain region
frictionless 
v boundary
Fig. 2.2 Bolton, Powrie and Symons' method, (a) normal 
stress distribution, (b) kinematically 
admissible strain field (Bolton, Powrie and 
Symons, 1990)
design
failureh
Kph partially 
mobilized
d
Fig. 2.3 Distributions of normal stress at the design 
depth of embedment and at failure - first 
assumption
design
failure
h Kph fully 
mobilized
d
i__
Fig. 2.4 Distributions of normal stress at the design 
depth of embedment and at failure - second 
assumption
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Fig. 2.6 Engels' method, (a) parabolic distribution of 
net normal stress, (b) distribution of normal 
stress due to the retained soil (Engels, 1903)
6=0
z
dah/dz < Y(Kph-KaJ
ah < y(z0/2) (Kph-K^) - yK^.h
ah < y (h+d) (Kph-Kah) + YK*n*h
Fig. 2.7 Safety criteria in Engels' method
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(b)
Y (h+d) K,
Fig. 2.8 Krey's method, (a) rectilinear distribution of 
net normal stress, (b) distribution of active 
normal stress due to the retained soil (Krey, 
1932)
z
y (h+d)Kah 
Y(h+d)Kph-YdKah
YdKph-Y(h+d)Kah
Fig. 2.9 Rectilinear distribution of net normal stress in 
the U.S. Steel method (U.S. Steel International, 
1975)
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bottom of wall
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Fig. 2.10 Rectilinear net normal stresses from Blum's 
method (Blum, 1931)
(d/h)/(dH/h) Blum ( ) /  ( ^max ) Blum
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0=401.0
0.75
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Fig. 2.11 Correction factors for Blum's method (Blum, 
1931)
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Fig. 2.12 Rowe's method, (a) net normal stresses for
evaluating limit equilibrium and design depths 
of embedment, (b) for bending moments at design 
depths of embedment (Rowe, 1951)
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(b)
Fig. 2.13 Rupture surfaces assumed in Brinch Hansen's
method for a wall rotating near the base, (a) 
smooth wall, (b) rough wall (Brinch Hansen, 
1953)
rough
IVI
y(h+d)K
[ (C2/Cl)+(Acr /A(JX) ]
V [ (A ) (2C2/C1+A cry/A ct.,-1 ) ]
C21
= 1 + O.l(tan<5/tan0) ± tan0
Aoy = yCh-K^)!^ - y d ^  
Act* = ydJVx - yth+djK^
ydoKpx Y(h+d)Kpy
Fig. 2.14 Normal stress distribution in Brinch Hansen's 
method (Brinch Hansen, 1953)
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Normal stresses on a free embedded cantilever 
wall (0=25°), according to a finite element 
analysis by Fourie and Potts (1989). (a) along 
the retained side of wall, (b) along the 
excavated side of wall
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Fig. 2.16 Distribution of active normal stress for a wall 
rotating near the base (after. Matteoti, 1970)
at failure
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Fig. 2.17 Distribution of active normal stress for a wall 
rotating about the base (after Fang and 
Ishibashi, 1986)
76
de
pt
h 
(m
)
normal stress (kPa)
0 1 2  3
-M
ft0)
•a
rotation 1
0
0
centre of 
rotation
(depth = 0.27 m)
(a)
■P
a<D
T3
centre of 
rotation
rotation 5
(b)
0.
3002001000
normal stress (kPa)
Fig. 2.18 Distribution of normal stress on a retaining
wall 0.33 m high rotating about a point 0.06 m 
above the base, (a) stresses above the centre 
of rotation, (b) stresses below the centre of 
rotation (after Milligan and Bransby, 1976)
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Fig. 2.19 Distributions of normal stress on a model wall, 
measured with a centrifuge test in sand (after 
Lyndon and Pearson, 1984). (a) at a depth of 
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CHAPTER 3 - INSTRUMENTATION
3.1 Introduction
The behaviour of free embedded cantilever walls in 
granular soil was reviewed in Chapter 2. According to 
this review, little is known about the distributions of 
both normal stress and shear stress on this type of wall. 
In addition, horizontal displacements of the-wall are 
little understood.
In this thesis, a number of experiments were performed 
with a small-scale model of a free embedded cantilever 
wall. Sand was used for these experiments, being 
contained in a test tank. The plan for the experimental 
work, the model wall, and the test tank will be described 
in Chapter 4. This chapter describes the instrumentation 
used for the model wall experiments.
In this thesis, particular attention was given to the 
development of small boundary normal stress transducers 
and small boundary shear stress transducers for the 
instrumentation of the model wall. New types of 
transducers were developed, by making use of linear output 
Hall effect sensors as the basis for measurement. A 
parallel requirement was the determination of cell action 
factors for these transducers, for the correction of raw 
data. New techniques were developed for the evaluation of 
cell action factor. Values of normal stress and shear 
stress were both corrected for cell action factor, for use 
in Chapter 6.
General purpose instruments were gathered for the 
measurement of horizontal displacement of the model wall,
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for the measurement of air pressure inside Bellofram air 
actuators (used for the application of horizontal and 
vertical forces to the model wall), and also for the 
measurement of air pressure inside a rubber bag (used for 
the application of surcharge on the soil behind the model 
wall). In addition, a force transducer was developed for 
the measurement of small horizontal forces on the model 
wall. Data-loggers were connected to these instruments, 
and readings were controlled by micro-computers.
3.2 Hall effect instrumentation for the measurement of 
normal stress, shear stress, and forces on the wall
New types of boundary normal stress transducer, boundary 
shear stress transducer and force transducer are described 
in this section. These instruments were intended as a 
cheap in-house solution for the problem of instrumenting 
the model wall, and were designed by making use, 
apparently for the first time, of linear output Hall 
effect sensors as the basis for measurement.
3.2.1 A review of diaphragm-type boundary normal stress 
transducers
A review of diaphragm-type boundary normal stress 
transducers has been carried out. The initial objective 
was to identify which existing type of transducer could be 
adequate for the instrumentation of the model wall. 
However, the review has shown that no existing type of 
transducer appears to have clear advantages over the 
simple in-house Hall effect transducer which has been 
selected. This point is next developed.
88
3.2.1.1 The null-displacement transducer
Two main types of boundary normal stress transducers have 
been described in the geotechnical engineering literature. 
These types are the null-displacement transducer and the 
inwards-displacement transducer. Both types have been 
frequently used in current practice.
The earliest type of null-displacement transducer appears 
to have been the pneumatic diaphragm-type boundary normal 
stress transducer. In this type of transducer, air
pressure is applied to the internal cavity of the
transducer to equilibrate the normal stress applied by the 
soil to the diaphragm. The normal stress is considered to 
be equilibrated, and the reading therefore to be correct, 
if the air pressure in the internal cavity is such that no
inwards or outwards displacement of the diaphragm can take
place.
An early type of pneumatic boundary normal stress 
transducer had two electrodes inside the internal cavity; 
one electrode was fixed to the centre of the diaphragm and 
another to the back plate of the transducer. An increase 
of soil normal stress would deflate the diaphragm and the 
two electrodes would touch, which could be detected by the 
closure of the electrical circuit; the null-displacement 
condition would therefore have been violated (Goldbeck, 
1916; Rifaat, 1935). The null-displacement condition 
could be restored by increasing the air pressure in the 
internal cavity of the transducer until the electrical 
circuit re-opened; the measured air pressure was then 
assumed as equal to the soil normal stress. Fig. 3.1(a) 
shows an example of this type of transducer, with one 
electrode being the diaphragm itself (Rifaat, 1935).
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A recent development of the pneumatic boundary normal 
stress transducer has been described by Levillain (1972), 
and by Carder and Krawczyk (1975). The internal cavity of 
this transducer is vented to the atmosphere; there is 
therefore a permanent flow of air when air pressure is 
applied to restore the null-displacement condition. No 
electrodes are placed in the internal cavity; an air flow 
gauge is instead connected between the transducer and the 
air-pressure regulator to monitor the null-displacement 
condition. An increase of soil normal stress causes the 
diaphragm to deflate, and the path for air to circulate 
through the internal cavity is narrowed; the air flow 
therefore drops below the required value, which 
corresponds to the null-displacement condition. By 
increasing the air pressure in the internal cavity, the 
diaphragm is re-inflated, the flow of air through the 
internal cavity is increased, and the null-displacement 
condition can be restored. However, experience has shown 
that the resultant air pressure cannot be assumed as equal 
to the normal stress applied by the soil; it is somewhat 
larger, because the diaphragm has to be pushed against the 
soil from an initially deflated position. Calibration 
procedures have been suggested to account for this 
behaviour (Carder and Krawczyk, 1975). This type of 
transducer is shown in Fig. 3.1(b).
Another development of the pneumatic boundary normal 
stress transducer is the Gloetz cell. In this transducer, 
the internal cavity is filled with oil. When the soil 
compresses the external diaphragm of the transducer, the 
resultant oil pressure compresses an internal diaphragm 
against the back plate of the transducer. The internal 
diaphragm then seals two small tubes connected to the back 
plate from each other. By applying air pressure to one 
tube, the internal diaphragm lifts off the back plate, and
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air circulates through the second tube, which is connected 
to a pressure gauge. The applied air pressure is 
considered to be equal> to the external soil stress when, 
by carefully releasing air pressure in the first tube, 
there is no further reduction of the value measured in the 
second tube. This means that the internal diaphragm has 
closed and both tubes are again sealed from each other 
(Hvorslev, 1976? Hanna, 1985? Dunniclif, 1988).
3.2.1.2 Inwards-displacement transducers
Several types of boundary normal stress transducer adopt 
principles of measurement requiring some inwards 
displacement of the diaphragm. The most important types 
are linear variable differential transformer (LVDT), 
vibrating wire, and electrical resistance strain-gauged 
transducers.
A few boundary normal stress transducers have been built 
in the past by using linear variable differential 
transformers (LVDTs) as the principle of measurement. In 
early transducers of this type, electrical coils were 
assembled on the transducer outer ring, while an iron core 
was bolted to the centre of the diaphragm (Rowe, 1951? Lee 
and Brown, 1957). More recently, Wilson and Pimley (1972) 
improved this type of normal stress transducer by 
connecting a small commercial LVDT to the back plate. The 
iron core of the LVDT was similarly bolted to the centre 
of the diaphragm (Fig. 3.2). This transducer has been 
recommended by Brown (1977), and also by Hanna (1985).
Nowadays, boundary normal stress transducers are often 
built by making use of vibrating wires as the principle of 
measurement. There are two classical designs, one
91
adequate for small-diameter boundary normal stress 
transducers, and the other for large-diameter transducers. 
In the first design, the vibrating wire is perpendicular 
to the diaphragm, being clamped to the back plate of the 
transducer and to one post situated at the centre of the 
diaphragm. This type of transducer has been described by 
Whiffin and Smith (1951), and also by Lee (1960). In the 
second design, the vibrating wire is parallel to the 
diaphragm, being clamped to posts situated at mid-distance 
between the centre of the diaphragm and its outer ring 
(Fig. 3.3). Transducers of this type have been described 
by Oien (1958), Bjerrum, Kenney and Kjaernsli (1965), 
Thomas and Ward (1969), and Tunbridge and Oien (1987).
The U.S. Army Engineer Waterways Experiment Station 
developed one of the earliest types of inwards- 
displacement transducer (W.E.S., 1944). The internal 
cavity of this transducer was filled with oil. When soil 
normal stress compressed the external diaphragm of the 
transducer, the resultant oil pressure would compress an 
internal diaphragm, which was built encastre to the back 
plate of the transducer; the internal diaphragm was 
instrumented with electrical resistance strain gauges 
(Fig. 3.4(a)). In a recent development, this type of 
boundary normal stress transducer has been modified by 
substituting an electrical resistance strain-gauged 
pressure transducer for the internal diaphragm (Fig. 
3.4(b). This modification has been described by Irwin 
(1974), and by Carder and Krawczyk (1975).
Alternatively, the external diaphragm of this type of 
inwards-displacement transducer can been instrumented with 
electrical resistance strain gauges. Two designs have 
usually been followed? one has been used in the case of 
small laboratory transducers, and the other for large
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field transducers. As proposed by Redshaw (1954), the 
external diaphragm of a small transducer can be 
instrumented with four circular electrical resistance 
strain gauges mounted on the same base, a compact design 
often used in the case of fluid pressure transducers. 
Conversely, the external diaphragm of a large transducer 
can be instrumented with four linear electrical resistance 
strain gauges, two bonded near the centre of the diaphragm 
and two near the outer edge (Fig. 3.5). Guidelines for 
the design of this type of boundary normal stress 
transducer have been published by Matthews and Richards 
(1974), Brown (1977), Hanna (1985), and Dunnicliff (1988).
3.2.1.3 Selection of the type of transducer
The selection of the boundary normal stress transducer for 
use in the model wall was in accordance with several 
criteria. The transducer should be small (diameter less 
than 25 mm) and thin (thickness less than 20 mm). In 
addition, automatic data acquisition should be possible. 
Finally, simplicity of construction and low cost were also 
desirable.
Past experience is also an important criterion for the 
selection of any type of geotechnical instrument 
(Dunnicliff, 1988). Recently, large-scale model 
experiments have been performed by the Transportation and 
Road Research Laboratory and by the University of Surrey 
with backfilled retaining walls? these experiments have 
been described by Carder, Pocock and Murray (1977),
Carder, Murray and Krawczyk (1980), Hiedra-Cobo (1986), 
Clayton, Hiedra-Cobo and Symons (1987), and also by 
Symons, Clayton, Darley and Krawczyk (1989). In addition, 
backfilled abutments were instrumented in situ using
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similar techniques (Moore, 1985). According to this 
experience, good performance might be expected from null- 
displacement pneumatic transducers (Carder and Krawczyk, 
1975), from oil-filled transducers containing a pressure 
transducer (Carder and Krawczyk, 1975), and also from 
vibrating wire transducers (Moore, 1985). These types of 
boundary normal stress transducer were therefore 
considered for the model wall.
However, these transducers were of large size, being 
inadequate for this research, unless re-designed. Hiedra- 
Cobo (1986) attempted to miniaturize the boundary normal 
stress transducer which contained an oil-filled cavity 
connected to a pressure transducer; problems with de­
airing were described. The miniaturization of vibrating 
wire transducers was also considered unlikely to succeed. 
This type of transducer is usually of large diameter and 
low profile, if the vibrating wire is positioned parallel 
to the diaphragm, or of small diameter and high profile, 
if the wire is perpendicular to the diaphragm. It 
appeared that a transducer with both small diameter and 
low profile might be very difficult to build. On the 
other hand, small null-displacement pneumatic transducers 
could be simpler to build, but automatic data acquisition 
would require complex and expensive control systems.
Principles of measurement potentially adequate for small 
boundary normal stress transducers seemed therefore to be 
only linear variable differential transformers (LVDTs) and 
electrical resistance strain gauges. However, a potential 
problem with LVDT-based transducers would be the 
requirement of a separate LVDT for each transducer, which 
could be costly. Hiedra-Cobo (1986) also reported 
difficulties with building small boundary normal stress 
transducers in-house, if four circular electrical
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resistance strain gauges mounted on the same base were 
used to instrument the diaphragm. Consequently, from all 
existing principles of measurement, the one which seemed 
most likely to succeed was the use four linear electrical 
resistance strain gauges bonded to the diaphragm.
However, at approximately the same time that this decision 
had to be taken, the development of a Hall effect 
displacement transducer for use in triaxial testing was 
completed at the University of Surrey (Clayton and 
Khatrush, 1986; Khatrush, 1987). This instrument showed 
calibration characteristics which could be useful in the 
case of a boundary normal stress transducer, such as high 
voltage outputs, high linearity and low sensitivity to 
temperature. In addition, the sensors were small and 
cheap. As a consequence, the instrumentation of the model 
wall was instead developed by making use of the Hall 
effect principle, despite the lack of previous experience 
with this principle in the measurement of stress.
3.2.2 The Hall effect principle
The Hall effect principle relates electrical potential and 
magnetic flux in plates transversed by electrical current. 
When a metallic or semiconductor plate, through which 
electrical current is flowing, is placed in a magnetic 
field where the flux lines are perpendicular to the plate, 
then an electrical potential appears across the plate in a 
direction normal to the current flow. The Hall effect 
principle states that this electrical potential (the Hall 
voltage) is linearly proportional both to the current flow 
and to the magnetic flux density.
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The fundamental application of the Hall effect principle 
is the measurement of magnetic flux density. Commonly, 
magnetic flux density is measured with sensors, known as 
linear output Hall effect sensors, which combine both a 
Hall effect semiconducting element and a signal 
conditioning circuit in the same integrated circuit. 
Typically, linear output Hall effect sensors are direct 
current (d.c.) energised, and deliver a high d.c. voltage 
output which varies linearly with magnetic flux density 
over a given range. These sensors have nowadays excellent 
zero and span temperature stability.
Linear output Hall effect sensors can also be used to 
measure other physical parameters. For example, they can 
measure displacements, provided they are located inside 
some magnetic field where the flux density along a 
determined path varies linearly with the position relative 
to the sensor (Netzer, 1981). One sensor and one or more 
permanent magnets are then required, together with some 
holding parts.
3.2.3 Configurations of sensor and magnet
Different configurations of sensor and magnet can be used 
to measure displacement. Fig. 3.6(a) shows the single 
magnet head-on configuration, where the measured 
displacement is the change in gap between the sensor and 
the magnet; the voltage output then varies with the gap. 
The relationship between voltage output and gap is non­
linear, as shown in Fig. 3.6(b).
The double magnet bi-polar slide-by configuration is shown 
in Fig. 3.7(a). The sensor is displaced in relation to 
the pair of magnets in such a way that it passes over
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first one pole and then the opposite pole. The voltage 
output varies linearly with displacement near the middle 
of the separation between magnets (Fig. 3.7(b)). In the 
linear range, the smaller is the separation between 
magnets (S), then the larger is the sensitivity to 
displacement. Similarly, the smaller is the gap between 
magnets (G), then the larger is the sensitivity to 
displacement.
3.2.4 Hall effect displacement transducers
Displacement transducers incorporating linear output Hall 
effect sensors have been developed at the University of 
Surrey since 1983. An early example was a proximity 
transducer described by Hababa (1984). This transducer 
was used to detect changes of diameter of specimens of 
sand in Kc triaxial tests. It used a single magnet head-on 
configuration.
A displacement transducer using a double magnet bi-polar 
slide-by configuration was described by Clayton and 
Khatrush (1986), and also by Khatrush (1987). This 
transducer has been used in triaxial testing for the 
measurement of both axial and radial displacements in the 
middle third of the specimen height. This type of 
measurement has been called local measurement of 
displacement, as opposed to the external measurement of 
displacement, which is taken over the whole height of the 
soil specimen (Clayton and Khatrush, 1986), and includes 
bedding and other compression effects. Fig. 3.8 outlines 
this transducer.
According to experience at the University of Surrey, the 
performance of this type of transducer is excellent. The
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sensitivity is high (full scale output larger than 2 VDC), 
the accuracy is high (linear regression error smaller than 
0.5 % of the full scale output), and the sensitivity to 
temperature is low (temperature error smaller than 0.05 % 
of the full scale output per degree Celsius). In 
addition, the transducer can be easily connected to any 
general-purpose data acquisition system, which is cost- 
effective.
3.2.5 Boundary normal stress transducer - development
A performance comparable to the local displacement 
transducer was intended, if possible, for the new boundary 
normal stress transducer. However, different design 
requirements were recognized. For example, the typical 
linear range for the local displacement transducer is a 
few millimetres. In contrast, the permissible 
displacement for the boundary normal stress transducer is 
only a few micrometres. This is not much larger than the 
resolution expected from the local displacement transducer 
(about one micrometre). It was therefore uncertain 
whether the performance intended for the new instrument 
could be achieved at once.
As a result, the simple diaphragm-type design was 
considered adequate for the Hall effect boundary normal 
stress transducer, as it could be easily modified during 
development, if required. The alternative design, known 
as "contact stress transducer", would be less 
advantageous. The contact stress transducer measures both 
the resultant of normal stress, its eccentricity, and also 
the resultant of shear stress (Arthur and Roscoe, 1961; 
Bransby, 1974; Bond and Jardine, 1989). Although more 
efficient, this type of transducer is complex and
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expensive to machine, which is clearly a potential problem 
in situations where much development effort might be 
required.
The principle chosen for the design of the boundary normal 
stress transducer was the measurement of bending 
displacements at the centre of a diaphragm encastre with a 
stiff outer ring. Two prototypes were built before a 
final design was achieved.
Fig. 3.9(a) shows the first prototype of the boundary 
normal stress transducer. A 2 mm x 2 mm x 1 mm magnet was 
bonded to the stud at the centre of the diaphragm, and a
linear output Hall effect sensor was bonded to the cover
plate. After wiring up the sensor, the cover plate was
bolted to the outer ring. In doing so, the gap between
the sensor and the magnet was about 0.5 mm. The diaphragm 
and the outer ring were machined as an integral steel 
piece. A tool steel was used (EN-24), which was 
subsequently hardened (to 40-43 Rockwell C). Rounded 
corners and smooth finishing were required, in order to 
minimize non-linearity and hysteresis. Similar 
recommendations have been made for strain-gauged 
diaphragm-type boundary normal stress transducers (Brown, 
1977; Hanna, 1985).
The head-on configuration of sensor and magnet was used. 
Stability of magnetic strength required the use of a rare- 
earth magnet (Micro-switch MG-103). The linear output 
Hall effect sensor selected for this prototype was the 
same which was previously used for the local displacement 
transducer (Micro-switch 92SS12-2). The sensor and the 
magnet were calibrated in a micrometer jig before 
assembly. The purpose was to identify the value of gap 
which would give maximum sensitivity.
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The boundary normal stress transducer was calibrated 
against water pressure in a triaxial cell. A hole was 
machined at the centre of the pedestal of the cell, where 
the transducer was inserted (Fig. 3.10). The step on the 
outer ring of the transducer was supported by a lip in the 
hole of the pedestal. A spacer ring was placed on the 
back of the transducer, and the assembly was clamped by 
screwing a nut against the ring. The diaphragm was then 
flush with the pedestal. High-vacuum silicone grease was 
smeared on the surface of the pedestal, which was then 
covered with a disc of latex rubber; care was taken to 
remove air bubbles trapped inside the layer of grease.
The triaxial cell was filled with de-aired water, and 
pressure was applied by making use of an air-water bladder 
cylinder. The measurement of pressure was performed with 
a silicon-diaphragm pressure transducer (Druck PDCR-10), 
which was pre-calibrated against a dead-weight calibration 
system (Budenberg 280 L).
Fig. 3.11 shows the calibration curve for the boundary 
normal stress transducer. The calibration curve had good 
linearity, acceptable hysteresis, and good return to zero 
upon unloading. The full scale output was 15.6 mV, a 
value similar to that expected from electrical resistance 
strain-gauged transducers. This was considered 
significant progress for a first prototype. It was 
concluded that linear output Hall effect sensors could 
therefore be used as the basis of measurement for normal 
stress transducers.
The full-scale output of this transducer was small when 
compared to the output corresponding to the linear range 
of the local displacement transducer. The configuration 
of sensor and magnet was therefore changed; a double 
magnet bi-polar slide-by configuration was subsequently
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used. The transducer was re-designed, with the outer ring 
being made thicker (Fig. 3.9(b)). The transducer cavity 
was thus deeper, allowing a linear output Hall effect 
sensor to be inserted transversely, as required by the new 
configuration of sensor and magnets.
Furthermore, a different type of sensor was used (Micro­
switch SS94A1). This sensor has higher sensitivity to 
magnetic field density, and lower sensitivity to 
temperature. However, it has no regulation of input 
voltage. The solution to this problem involved the use of 
two configurations of sensor and magnets in the transducer 
(Fig. 3.12). By taking the output of the transducer as 
the difference in output between the pair of sensors, the 
influence of fluctuations of input voltage was reduced.
In doing so, an important improvement was achieved; the 
large zero off-set of the individual sensors was removed. 
Additionally, by an appropriate arrangement of magnets, 
the overall sensitivity of the transducer was doubled.
In the improved transducer, the pair of linear output Hall 
effect sensors was bonded to a steel block, which was 
subsequently bonded to the stud at the centre of the 
diaphragm. Steel strips were bonded to the inside of the 
outer ring, at either side of the steel block. A pair of
magnets was placed on each strip, being held initially by
their own magnetism. Each pair of magnets was then
located near to the middle of the linear range of the
corresponding sensor. The spacing between magnets should 
be zero, and the gap between sensors and magnets as small 
as possible (about 0.1 mm). As far as possible, the pair 
of sensors should have the same initial voltage output.
Once this was achieved, each pair of magnets was 
permanently held in place with a drop of adhesive. It is
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important that materials with similar thermal expansion 
properties are used to construct both the transducer body 
and the accessory holding parts, in order to avoid 
unacceptable high thermal sensitivity of the assembled 
transducer. Fig. 3.13(a) shows the calibration curve for 
the improved transducer. The full scale output of the 
transducer was about 270 mV, which was a significant 
improvement over the first prototype. Fig. 3.13(b) shows 
linear regression errors for the improved transducer; 
these errors were smaller than 0.25 % of the full scale 
output. Non-linearity, hysteresis and zero deviation upon 
unloading were also smaller than 0.25 % of the full scale 
output. Fig. 3.14 shows the temperature sensitivity of 
the improved transducer; the sensitivity is smaller than 
0.03 % of the full scale output per degree Celsius, a 
satisfactory result. However, creep after 30 min under 
the maximum pressure was about 0.5 % of the full scale 
output (this creep was probably caused by the deformation 
of layers of adhesive situated between the pair of steel 
strips and the outer ring of the transducer). This creep 
was considered unsatisfactory, and the transducer was once 
again re-designed.
3.2.6 Boundary normal stress transducer - final design
In the final design of the boundary normal stress 
transducer, a smaller steel block was bonded to the stud 
at the centre of the diaphragm. A pair of magnets was 
then placed on each side of the block. Two steel rods 
were inserted in the internal cavity of the transducer 
through opposite holes in the outer ring. One sensor was 
then bonded to the end of each rod. Both rods were moved 
until the gap between sensors and magnets was reduced to 
about 0.1 mm, and each rod was then bonded to the outer
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ring. Thereafter, assembly was identical to the previous 
version of the transducer. Fig. 3.9(c) outlines the final 
design of the transducer.
The calibration curve of this transducer is shown in Fig. 
3.15(a). This transducer had a nominal thickness of 
diaphragm of 0.4 mm, and was calibrated to a maximum water 
pressure of 250 kPa. The displacement at the centre of 
the diaphragm was about 50 /m under the maximum pressure, 
too large by reference to the criteria described in 
Section 3.3. In fact, the transducer was designed for a 
maximum pressure of 50 kPa; it was calibrated to larger 
pressures only to verify accuracy and stability under 
extreme conditions. At the maximum pressure of 250 kPa, 
the full scale output was about 1.2 V, a very high value.
Linear regression errors are shown in Fig. 3.15(b). In 
this calibration, linear regression errors were smaller 
than 0.25 % of the full-scale output. Non-linearity, 
hysteresis, and zero deviation upon unloading were also 
smaller than 0.25 % of the full scale output. Finally, 
creep after 30 min under the maximum pressure was about 
0.05 % of the full scale output, an improvement over the 
previous version. The boundary normal stress transducer 
is shown in Plate 3.1.
3.2.7 Boundary shear stress transducer
The principle chosen for the boundary shear stress 
transducer was the measurement of shear and bending 
displacements of two steel blocks connected by four beams 
(Fig. 3.16). Two linear output Hall effect sensors were 
bonded to studs which were subsequently bonded to one 
block? two pairs of magnets were placed on the opposite
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block. Assembly then followed that described for the 
boundary normal stress transducer. The same material, 
construction technique and hardening treatment were used. 
The shear stress transducer is similar in form to the 
contact stress transducer described by Arthur and Roscoe 
(1961), and also by Bransby (1974).
The shear stress transducer was calibrated against dead­
weights. The special pedestal used for the calibration of 
the boundary normal stress transducer was removed from the 
triaxial cell. The boundary shear stress transducer was 
inserted in this pedestal, which was subsequently bolted 
to a vertical surface. A cylindrical pin was bonded to 
the exposed face of the transducer, and a light hanger was 
suspended from the pin. Weights pre-calibrated to 0.1 g 
were placed on the hanger, taking the care of keeping the 
point of application of the load as near as possible to 
the transducer face.
Fig. 3.17(a) shows the calibration curve for the boundary 
shear stress transducer. This particular transducer had 
beams 1.0 mm thick, and was calibrated to a maximum shear 
stress of 250 kPa. For this condition, the full scale 
output was about 300 mV. In addition, linear regression 
errors are shown in Fig. 3.17(b). Linear regression 
errors were smaller than 0.25 % of the full scale output. 
Non-linearity, hysteresis and zero deviation upon 
unloading were individually smaller than 0.25 % of the 
full scale output. As before, creep after 30 min under 
the maximum shear stress was about 0.05 % of the full 
scale output. The boundary shear stress transducer is 
shown in Plate 3.1.
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3.2.8 Force transducer
As before, the principle chosen for the force transducer 
was the measurement of shear and bending displacements of 
two blocks connected by beams (Fig. 3.18). A pair of 
studs was bonded to one block, each stud containing a 
linear output Hall effect sensor bonded to one side. 
Additional studs were bonded to the opposite block, each 
one containing a pair of magnets. Assembly then followed 
that described for both the boundary normal stress 
transducer and the boundary shear stress transducer. The 
material, the construction technique and the hardening 
treatment were also similar. In addition, by connecting a 
rod end (a type of ball-jointed connector) to each block 
of the transducer, the axes of the transducer and the 
direction of the load are kept aligned.
The force transducer was calibrated by dead-weights. The 
pair of rod ends was removed, and a plate was bolted to 
the lower block of the transducer. The plate was then 
placed on a horizontal surface. A bolt with a steel ball 
on the top was screwed to the upper block of the 
transducer, and a hanger was suspended from the top of the 
steel ball. Weights pre-calibrated to 1 g were then 
placed on the hanger. The force transducer is shown in 
Plate 3.2.
Fig. 3.19(a) shows the calibration curve for the force 
transducer. In this calibration, the maximum force 
applied to the transducer was about 1000 N. The 
corresponding full scale output was about 500 mV. Fig. 
3.19(b) shows linear regression errors for the force 
transducer. In this calibration, linear regression errors 
were smaller than 0.25% of the full scale output. Non- 
linearity, hysteresis and zero deviation upon unloading
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were also smaller than 0.25 % of the full scale output. 
Creep after 30 min under the maximum force was smaller
than 0.05 % of the full scale output.
This calibration test was performed in compression, but 
the transducer was used in the model wall in tension. 
Before starting the series of experiments with the model 
wall, a second calibration test was performed. The
performance of the whole system for application of
horizontal force to the wall was verified, including the 
force transducer and the Bellofram air actuator. The main 
purpose was to observe the amount of friction in the air 
actuator at low pressure (this problem is discussed in 
Section 4.2.4). However, this test was performed in 
tension, and the force transducer could therefore be re­
calibrated. The difference did not exceed about 2 %.
3.3 Cell action factor
In general, results of a fluid calibration cannot be used 
for the interpretation of measurements taken with a 
boundary normal stress transducer. If a rigid wall in 
contact with soil has a boundary normal stress transducer 
flush with its surface, then the compressibility of the 
transducer disturbs the distribution of stresses in the 
soil, particularly in the vicinity of the transducer. The 
value of normal stress which the transducer measures is 
then different from the value which the soil would have 
applied to the wall in the absence of the transducer.
The concept of "cell action factor" has been proposed to 
quantify this phenomenon? the cell action factor (CAF) is 
the ratio between the value of normal stress measured by 
the transducer and the value which would have been applied
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in its absence (Taylor, 1947). In the design of a 
boundary normal stress transducer, it is important to 
ensure a cell action factor as near to 1.0 as possible.
Several methods have been proposed so far to predict the 
cell action factor of boundary normal stress transducers. 
These methods can be classified according to the following 
general design procedures:
(a) empirical relation between transducer stiffness 
and acceptable transducer performance;
(b) experimental evaluation of the cell action factor 
by calibration of the transducer in soil;
(c) theoretical evaluation of the cell action factor 
as function of both the transducer stiffness and the 
soil stiffness.
Boundary normal stress transducers have been designed 
predominantly with procedure (a). The first prototype of 
the boundary normal stress transducer used to instrument 
the model wall was described in Section 3.2.5; this 
transducer was also designed with procedure (a). The 
performance of this transducer was subsequently assessed 
by means of a calibration in soil, i.e. procedure (b) was 
also used. However, values of cell action factor 
considerably smaller than expected were observed, 
particularly for the case of dense coarse sand, as 
described in Section 3.3.2.
No clear explanation could be found at that moment for the 
poor performance of the transducer. As a result, a 
further experimental investigation of the cell action 
factor of boundary normal stress transducers was
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conducted. This investigation is described in Section 
3.3.3. New data were then obtained which suggested a re­
assessment of both procedures (a) and (c). This re­
assessment is described in Section 3.3.4. According to 
the new data, the use of procedure (a) cannot be 
recommended for the design of boundary normal stress 
transducers; only procedures (b) and (c) might be 
considered as reliable.
Also according to the new data, the cell action factor of 
the transducer was low in dense coarse sand because the 
modulus of this soil was high. This conclusion was 
important; it restored confidence in the transducer, by 
showing that the poor performance was not related to a 
possible flaw in its basic concept. As a result, the 
final version of the transducer incorporated only minor 
improvements (Section 3.2.6). According to the new data, 
values of soil modulus were lower for fine sand in 
comparison with coarse sand. As a result, values of cell 
action factor were higher for fine sand. Therefore, the 
type of soil proposed for the retaining wall tests was 
changed to achieve values of cell action factor nearer to 
1.0; the fine sand was used in the model wall tests, 
instead of the coarse sand initially planned. These 
findings are explained below.
3.3.1 Review on cell action factor of diaphragm-type 
boundary normal stress transducers
Diaphragm-type boundary normal stress transducers are 
often designed on the basis of empirical relations between 
diaphragm stiffness and acceptable performance (Hvorslev, 
1976). It can be demonstrated that, for any fixed value 
of normal stress, the stiffness of the diaphragm depends
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only on the ratio between the displacement at the centre 
of the diaphragm (<5d) and its diameter (2R). As a result, 
such empirical relations usually consider the performance 
of the transducer to be satisfactory if the ratio between 
the displacement at the centre of the diaphragm and its 
diameter is smaller than some threshold value.
3.3.1.1 Arching mechanism
Underlying the above assumption is the belief that arching 
in the soil is the mechanism relating diaphragm stiffness 
and measurement error and that this is unaffected by soil 
stiffness. As the normal stress increases, the diaphragm 
moves inwards, and the mass of soil near the diaphragm 
also moves inwards. As a result, shear stress is 
mobilized between the mass of soil which moves inwards and 
the mass of soil which remains static outside the 
diaphragm perimeter. Equilibrium then requires the normal 
stress to be relieved immediately above the diaphragm and 
to be increased outside the diaphragm perimeter. Because 
of the local stress relief, the displacement at the centre 
of the diaphragm is smaller than for the case of a fluid 
calibration at the same average normal stress. The 
measured normal stress in soil is therefore in error. The 
softer is the diaphragm, then the larger the resulting 
displacement at its centre, and consequently the larger 
the measurement error. This is the mechanism of arching 
assumed by the W.E.S. criterion (W.E.S., 1944). However, 
this mechanism is only partially accurate, because the 
influence of soil stiffness is not being considered. 
Assuming a fixed value of inwards displacement at the 
centre of the diaphragm, the larger the soil stiffness, 
then the larger is the amount of normal stress transferred 
by arching from the region immediately above the diaphragm
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to the region outside the diaphragm perimeter. As a 
result, the larger is the measurement error. This 
interpretation was previously suggested by Taylor (1947).
3.3.1.2 The W.E.S. criterion
Calibration tests in soil were performed with diaphragm- 
type normal stress transducers by the U.S. Army Engineer 
Waterways Experiment Station (W.E.S., 1944). A design 
criterion was proposed for transducers with the diaphragm 
flush with a rigid boundary, based on these tests. This 
criterion, in its original form, stated that the ratio 
between the displacement at the centre of the diaphragm 
and its diameter (6d/2R) should be equal to 1/1000, or 
less. For this condition, it was thought that a minimum 
cell action factor of 0.88 would result (W.E.S., 1944).
Nowadays, when the W.E.S. criterion is considered, a 
different meaning is usually inferred. According to the 
modern view, the W.E.S. criterion states that the ratio 
between the displacement at the centre of the diaphragm 
and its diameter must be equal to 1/2,000, or less. A 
cell action factor near to 1.0 might then be expected 
(Arthur and Roscoe, 1961). In fact, this particular 
recommendation was part of a design criterion proposed by 
the U.S. Army Engineer Waterways Experiment Station for 
transducers embedded in soil (W.E.S.,.1944). It appears 
that modern authors avoid recommending the original W.E.S. 
criterion for boundary transducers. Instead, the 
criterion for embedded transducers has been usually 
recommended, with no distinction being made whether the 
transducer is flush with a boundary or embedded in soil 
(e.g. Hanna, 1985). The implication of this for the value
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of the cell action factor is next discussed, by reference 
to the original data.
Before that, both the type of transducer and the 
calibration setup deserve further comments, as they are 
very distinctive. The W.E.S. transducer has a slot where 
the external diaphragm joins the back plate, as shown by 
Fig. 3.4(a). Because of this, the diaphragm has 
considerable freedom to rotate about the edge (most 
transducers have instead the diaphragm encastre to a rigid 
outer ring). For calibration purposes, the back plate of 
the W.E.S. transducer was welded to steel springs, which 
were in turn welded to another plate, fixed to the 
calibration chamber (the purpose was to simulate a wide 
range of values of transducer stiffness, but without 
changing the transducer itself). Before each calibration 
test, the stiffness of this assembly was adjusted to the 
required value by changing the number of springs (W.E.S., 
1944). During calibration, the whole transducer would 
then settle under the applied normal stress, by an amount 
depending on the number of springs. As a result, the 
shape of the displacement profile across the diameter of 
the transducer was certainly very distinctive; there was 
the uniform settlement of the transducer body (which 
probably resembled the settlement of a piston-like 
transducer), super-imposed on the bending of the diaphragm 
(which was free to rotate about the edge).
In these calibration tests, a chamber with rigid side 
walls was used. Each transducer (or each assembly of 
transducer plus added plate) was cast flush with the 
surface of a layer of plaster at the bottom of the 
chamber. Standard Ottawa sand was gently poured inside, 
forming loose specimens. A rubber membrane was placed 
over the specimen, and water pressure was applied between
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the specimen and the lid of the chamber. The diameter of 
the specimen was 0.71 m, and its height 0.25 m.
Transducers with diameter between 76 mm and 0.31 m were 
used (W.E.S., 1944).
Results from these calibration tests are shown in Fig.
3.20. According to these results, the cell action factor 
was independent of the ratio between the displacement at 
the centre of the diaphragm and its diameter, if this 
ratio was smaller than 1/1000. Otherwise, the larger this 
ratio, then the smaller was the cell action factor. It 
should be noted that, for decreasing values of ratio 
between the displacement at the centre of the diaphragm 
and its diameter, the cell action factor did not approach 
1.0 asymptotically. Instead, a value of 0.88 was 
approached. It is difficult to explain this, by reference 
only to an arching mechanism.
3.3.1.3 Kallstenius and Bergau's criterion
Other classical experiments with boundary normal stress 
transducers were performed by Kallstenius and Bergau 
(1956). A design criterion was formulated for diaphragm- 
type transducers, based on these tests. According to this 
criterion, the ratio between the displacement at the 
centre of the diaphragm and its diameter must be smaller 
than 1/10,000.
Kallstenius and Bergau's criterion and the W.E.S. 
criterion are next assessed, by comparison to experimental 
evidence. Before that, Kallstenius and Bergau's 
experimental technique must be described. In these tests, 
the transducer consisted of a diaphragm which was machined 
at the centre of the base plate of the calibration
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chamber. Electrical resistance strain gauges were used to 
instrument the diaphragm. The chamber consisted of steel 
rings, stacked one above the other. During assembly, a 
small gap was left between each ring. By doing so, side 
friction was hoped to be minimized during testing. For 
each test, the chamber was filled with gravel, which was 
not compacted. A rubber bag was placed over the specimen, 
the chamber was closed, and water pressure was applied 
into the bag. The diameter of the specimen was 0.50 m, 
and its height 350 mm. The diameter of the diaphragm was 
0.25 m (Kallstenius and Bergau, 1956).
Two transducers were used in these tests. At an applied 
normal stress of 400 kPa, the displacement at the centre 
of the diaphragm was 0.04 mm, for one transducer, and 
0.125 mm, for the other. The ratio between the 
displacement at the centre of the diaphragm and its 
diameter was therefore 1/62,000, for the stiffer 
transducer, and 1/2,000, for the other. Respective values 
of cell action factor were 0.89 and 0.67.
Kallstenius and Bergau's results and the W.E.S. results 
are compared in Fig. 3.21. Both results seem consistent, 
if the ratio between the displacement at the centre of the 
diaphragm and its diameter is equal to 1/62,000. For this 
case, values of cell action factor are similar. In 
contrast, Kallstenius and Bergau's results and the W.E.S. 
results diverge markedly, if the ratio between the 
displacement at the centre of the diaphragm and its 
diameter is equal to 1/2,000. For this case, values of 
cell action factor are considerably smaller in Kallstenius 
and Bergau's experiments than in the W.E.S. experiments.
The W.E.S. criterion seems inadequate, if assessed against 
Kallstenius and Bergau's results. Even Kallstenius and
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Bergau's own criterion appears to correspond to values of 
cell action not larger than 0.8, when compared to the same 
results. However, according to Kallstenius and Bergau 
(1956), the comparison between their criterion and 
experimental results might not be appropriate, if done in 
a straightforward way. It was argued that, in these 
experiments, friction between soil and chamber might have 
not been entirely eliminated. In addition, the 
distribution of normal stress on the base plate of the 
chamber might not have been completely homogeneous. As a 
result, the value of cell action factor was possibly
under-estimated in these experiments, according to 
Kallstenius and Bergau (1956). Proportionally, the 
stiffer transducer would have been more affected. 
Consequently, when applying this criterion, the actual 
value of cell action factor could be expected to be
somewhat higher than implied by experimental results. If
this was true, this criterion could become more 
acceptable, according to Kallstenius and Bergau (1956).
3.3.1.4 Trollope and Lee's criterion
Experiments with boundary normal stress transducers were 
also performed by Trollope and Lee (1961). Two design 
criteria were proposed, based on these tests. One 
criterion required the ratio between the displacement at 
the centre of the diaphragm and its diameter to be smaller 
than 1/2,000. The output of the transducer would then be 
proportional to the normal stress applied by the soil, 
according to Trollope and Lee (1961).
The other criterion required the ratio between the 
displacement at the centre of the diaphragm and the normal 
stress applied by the soil to be smaller than 3.6 x 10“5
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mm/kPa. If possible, it should be selected preferably 
between 1.1 x 10“5 mm/kPa and 1.8 x 10“5 mm/kPa. By doing 
so, the cell action factor would be not smaller than 0.98, 
according to Trollope and Lee (1961). More recently, this 
criterion has been re-formulated. According to Lee 
(1968), the ratio between the displacement at the centre 
of the diaphragm and the applied normal stress should 
instead be smaller than 3.6 x 10“5 mm/kPa, for the case of 
sand. However, it could be relaxed to 3.6 x 10~4 mm/kPa, 
for the case of clay. In Trollope and Lee's experiments, 
transducers with different sizes, geometries, and even 
principles of measurement were used. These included linear 
variable differential transformer transducers (Lee and 
Brown, 1957), vibrating wire transducers with the wire 
perpendicular to the diaphragm (Lee, 1960), and electrical 
resistance strain-gauged transducers with circular gauges 
(Trollope and Currie, 1960). Transducers with diameter 
between 19 mm and 76 mm were used.
In these experiments, a chamber with rigid side walls was 
used. The base of this chamber consisted of concentric 
steel rings, which rested on pedestals instrumented with 
linear vibrating wire strain gauges. This facility 
allowed the uniformity of the distribution of normal 
stress on the base to be verified. Each transducer was 
assembled on the central ring of the base, by having the 
surface of the diaphragm flush with the surface of the 
base. Both medium-fine sand and compacted clay were used 
in these tests. A rubber membrane was placed over the 
specimen, and water pressure was applied between the 
specimen and the lid of the chamber. The diameter of the 
specimen was 0.92 m, and its height was selected as 152 
mm. The height of the specimen was selected by 
preliminary experiments, where the uniformity of the 
distribution of normal stress on the base was checked.
115
For this particular value of height of specimen, the 
normal stress on the base was shown to be reasonably 
uniform on the central portion of the chamber, and also 
approximately equal to the external pressure (Trollope and 
Lee, 1961).
Trollope and Lee's results and Kallstenius and Bergau's 
results are compared in Fig. 3.22. Both results seem 
consistent, if the ratio between the displacement at the 
centre of the diaphragm and the normal stress applied by 
the soil is about 10“5 mm/kPa. Corresponding values of 
cell action factor can be accepted as similar, provided 
the influence of experimental error is considered in 
Kallstenius and Bergau's results, as indicated by 
Kallstenius and Bergau (1956). For this case, Trollope 
and Lee's cell action factors actually approached 1.0, 
unlike previous experiments. This possibly reflected the 
attention with the uniformity of the distribution of 
normal stress on the base of the calibration chamber. In 
contrast, Trollope and Lee's results and Kallstenius and 
Bergau's results diverge markedly, if the ratio between 
the displacement at the centre of the diaphragm and the 
normal stress applied by the soil is larger than about 10~4 
mm/kPa. For this case, values of cell action factor are 
considerably smaller in Kallstenius and Bergau's 
experiments than in Trollope and Lee's experiments. Fig. 
3.22 also compares Trollope and Lee's criterion with their 
own experimental results. For the case of sand, this 
criterion appears to be well supported by Trollope and 
Lee's results, and also by Kallstenius and Bergau's 
results. Unfortunately, Trollope and Lee (1961) did not 
describe their results in sufficient detail. As a 
consequence, these results could not be included in Fig.
3.21, for comparison with the W.E.S. results.
116
According to Lee (1968), the permissible ratio between the 
displacement at the centre of the diaphragm and the 
applied normal stress is valid for any transducer, 
irrespective of diaphragm diameter. In other words, for 
the same applied normal stress, the permissible 
displacement at the centre of the diaphragm must not be 
increased with diaphragm diameter, as implied by the 
W.E.S. criterion, and also by Kallstenius and Bergau's 
criterion.
By doing so, Lee's criterion violates the assumption that 
the cell action factor depends on diaphragm stiffness. 
According to this assumption, for a constant stiffness of 
diaphragm and a constant applied normal stress, the larger 
is the diameter, then the larger must be the displacement 
at the centre of the diaphragm. In fact, this assumption 
was not explicitly repudiated. As argued by Lee (1968), 
his design criterion was verified for small transducers 
(i.e. with a diaphragm diameter of 19 mm), and the same 
criterion should therefore be conservative for larger 
transducers.
3.3.1.5 Discussion of previous design criteria
Existing criteria for the design of boundary normal stress 
transducers contradict each other. For example, if design 
follows Kallstenius and Bergau (1956), the transducer will 
be ten times stiffer than if designed according to W.E.S. 
(1944). However, these criteria were empirical, and were 
obtained from comparatively narrow ranges of experiments. 
An examination of the original experiments might then 
suggest reasons for the discrepancy.
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For each criterion, the cell action factor was assumed to 
depend only on the stiffness of the diaphragm; the 
influence of the stiffness of the soil was not considered. 
In accord with this assumption, the stiffness of the 
diaphragm was varied from experiment to experiment, but 
not the stiffness of the soil. The same soil at the same 
density was often used throughout the whole series of 
experiments performed by each author.
As a result, when each series of experiments is examined 
separately, i.e. author by author, the corresponding 
design criterion might appear consistent. However, when 
series of experiments from different authors are gathered 
together, as in Figs. 3.21 and 3.22, each design criterion 
does not appear consistent with the whole of the 
experimental data. The following explanation might then 
be suggested; each design criterion might have 
corresponded to some particular magnitude of soil modulus. 
This magnitude probably depended on the type of soil and 
on the level of normal stress which were adopted for the 
experiments used to derive the criterion. As a result, 
design criteria from different authors produced different 
results simply because the magnitudes of soil moduli were 
different in the various experiments. Unfortunately, it 
is not possible to test this assumption completely, 
because values of soil modulus have not usually been 
reported in the original references. However, the same 
assumption might be partially tested by new experimental 
data. This is attempted in Section 3.3.4.
Experimental techniques used to derive these criteria were 
examined in previous sections, albeit briefly. Wide 
differences of transducer sizes, shapes, principles of 
measurement, and modes of displacement of diaphragm were 
noticed. Different designs of calibration chamber were
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also used. This suggests another reason, perhaps not so 
significant, for differences between design criteria.
Each criterion might have been affected to some extent by 
the type of transducer and by the design of chamber used 
in the experiments from which it was derived.
A good example is the W.E.S. transducer. Although 
originally designed as a diaphragm-type transducer, it was 
fixed to a rigid plate by flexible springs during 
calibration. A piston-type mode of displacement probably 
resulted in this case. By contrast, both Kallstenius and 
Bergau's experiments and Trollope and Lee's experiments 
used transducers with diaphragms encastre with rigid outer 
rings. These transducers were firmly clamped to the base 
of the calibration chamber (in the case of Kallstenius and 
Bergau's experiments, the base of the chamber was the 
transducer itself). A diaphragm-type mode of displacement 
probably resulted in this case. The mode of displacement 
of the transducer certainly has an effect on the cell 
action factor. However, no comprehensive study of this 
influence seems to have been undertaken so far.
3.3.1.6 Experimental evaluation of cell action factor
In practice, normal stress transducers are often 
calibrated in soil, inside large chambers (Selig, 1980). 
The possible inaccuracy of current design criteria for 
these transducers has been quoted as a justification for 
the adoption of an alternative experimental approach. 
According to this view, existing design criteria must be 
used with caution, as the performance of the transducer in 
the field can also be influenced by factors not originally 
considered in the design criteria, e.g. the method of 
installation of the transducer. The true performance of
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the transducer may be better assessed by direct 
calibration in soil, according to this view.
Guidelines have been proposed for the experimental 
evaluation of cell action factor by Hvorslev (1976). 
Similar recommendations have been outlined by Brown 
(1977), Selig (1980), and Weiler and Kulhawy (1983). 
According to these recommendations, the first task is the 
selection of the type of calibration chamber. There are 
two main types, the chamber with a rigid side wall 
(similar to a consolidation cell) and the chamber with a 
flexible side wall (similar to a triaxial cell). As a 
general rule, the type of chamber is selected according to 
the required stress path.
When a Kc stress path is required, a chamber with a rigid 
side wall may be used. The main concern, when using this 
type of chamber, has been with side friction, which 
affects the distribution of normal stress on the base.
One solution to this problem has been to adopt a small 
ratio between height of soil and diameter of chamber so 
that the influence of side friction does not extend to the 
centre of the base. For this case, the ratio between 
height of soil and diameter of chamber must be smaller 
than 1/6, according to Trollope and Lee (1961). This 
solution might be particularly adequate when calibrating 
small transducers.
Another solution for the same problem has been to reduce 
side friction by covering the wall of the chamber with a 
lubricated membrane (Selig, 1980). For this case, the 
ratio between height of soil and diameter of chamber may 
be increased to 1/3, according to Selig (1980). This 
solution might be particularly adequate when calibrating
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large transducers, as Trollope and Lee's solution could 
then require very large chambers.
A third solution is due to Kallstenius and Bergau (1956). 
In this solution, the chamber is built as a stack of rings 
separated by small gaps, and by so doing, it is hoped to 
reduce side friction. The ratio between height of soil 
and diameter of chamber has been selected as high as 0.7, 
as was the case in calibration tests of boundary normal 
stress transducers described by Kallstenius and Bergau 
(1956). However, even with this aspect ratio, the 
distribution of normal stress was noted to be uniform only 
near the centre of the base, also according to these 
authors.
In addition, attention must be given to the relationship 
between diameter of diaphragm and thickness of specimen, 
on the one hand, and diameter of diaphragm and maximum 
particle size, on the other. The ratio between diameter 
of diaphragm and thickness of specimen has been 
recommended as not larger than 0.5 (Taylor, 1947), or more 
often not larger than 1.0 (Trollope and Lee, 1961; Selig, 
1980). According to this view, if the specimen is thick 
enough, arching of soil above the diaphragm might then be 
similar to arching in-situ. On the other hand, the ratio 
between diameter of diaphragm and maximum particle size 
has been recommended to be not larger than 1/50 
(Kallstenius and Bergau, 1956), or 1/10 (Weiler and 
Kulhawy, 1982), or even 1/5 (Hvorslev, 1976). According 
to this view, the larger is this ratio, then the larger 
might be the risk of oversized particles applying 
eccentric loads on the diaphragm.
For other stress paths, calibration chambers with flexible 
walls are required. Soil specimens are enclosed by rubber
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membranes in these chambers. Both axial and radial normal 
stresses can be controlled independently, although only 
isotropic, K0, or deviatoric stress paths have usually been 
followed (Kohl, New and O'Rourke, 1988).
Calibration chambers with flexible walls have been used 
predominantly for the study of normal stress transducers 
embedded in soil (Dunn and Billam, 1966; Hvorslev, 1976; 
Brown, 1977; Weiler and Kulhawy, 1982; Boyce, 1983; Kohl, 
New and O'Rourke, 1988). For this type of transducer, a 
significant (and complex) influence of stress path on the 
cell action factor has been observed (Dunn and Billam,
1966; Weiler and Kulhawy, 1982; Boyce, 1983). This is 
shown in Fig. 3.23.
Unfortunately, the calibration of boundary normal stress 
transducers seems to be impossible when chambers with 
flexible walls are used, unless a Kc stress path is 
followed. If other stress paths are applied, incorrect 
values of cell action factor are determined with these 
chambers. This phenomenon was noted in this thesis, 
apparently for the first time. The reason will be 
discussed in Section 3.3.2.1.
To this date, no comparative study of the influence of 
stress path on the cell action factor of boundary normal 
stress transducers seems to have been made, unlike the 
case of normal stress transducers embedded in soil.
However, by analogy with this case, a similar influence 
can be expected. This may have important practical 
implications, as the soil does not follow a Ke stress path 
in most engineering projects. The method of selecting the 
type of boundary normal stress transducer solely by an 
experimental evaluation of cell action factor [as 
suggested by Selig (1980)] may therefore have
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shortcomings, as only a K0 stress path can be followed in 
the calibration test. In order to overcome this problem, 
new types of calibration apparatus would have to be 
developed.
3.3.1.7 Theoretical evaluation of cell action factor - 
Askegaard's solution
A comprehensive review of the theoretical evaluation of 
cell action factor was performed by Hvorslev (1976). Few 
solutions have been developed for the case of diaphragm- 
type boundary normal stress transducers. Only elastic 
solutions are available, one by Askegaard (1961), and 
another by Tory and Sparrow (1967).
In these solutions, the cell action factor was considered 
to depend on soil stiffness, on diaphragm stiffness, on 
the Poisson's ratio of the soil, and also on the Poisson's 
ratio of the diaphragm. The soil was assumed to be linear 
elastic, homogeneous and isotropic. The diaphragm was 
assumed to be linear elastic, and encastre with a rigid 
outer ring.
Askegaard's solution consisted of the superposition of 
simpler elastic solutions. The diaphragm was subdivided 
in ring-shaped concentric elements. Each element was 
assumed to be loaded by an uniform distribution of normal 
stress, also ring-shaped. For each distribution of normal 
stress, the displacement was evaluated across the diameter 
of the diaphragm, at the midpoint of each element, by 
using plate theory. The soil in contact with the 
diaphragm was subdivided in the same ring-shaped elements. 
Each element of soil was also assumed loaded by an uniform 
distribution of normal stress, also ring-shaped. For each
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distribution of normal stress, the displacement was 
evaluated across the diameter, at the midpoint of each 
element of soil, by using a solution based on the theory 
of elasticity. In this solution, stresses and 
displacements were calculated in a semi-infinite elastic 
medium bounded by a rigid and smooth wall with a circular 
hole (Askegaard, 1961).
Equilibrium was required at the midpoint of each element 
from both the normal stress acting on the soil and the 
normal stress acting on the diaphragm. Similarly, 
compatibility was required at the same points from both 
the displacement of the soil and the displacement of the 
diaphragm. Loading consisted of pushing the whole wall 
into the elastic medium, therefore simulating a K0 stress 
path. A system of linear equations was then obtained, 
which was solved by matrix methods.
The cell action factor could then be calculated. First, 
the displacement at the centre of the diaphragm was 
obtained. Subsequently, the displacement at the same 
point was again calculated, but for another distribution 
of normal stress, which was uniform and equivalent to the 
average of the distribution of normal stress applied by 
the soil (i.e. an equivalent fluid calibration). The cell 
action factor was defined as the ratio between these 
values of displacement (Askegaard, 1961).
Askegaard's solution is shown in Fig. 3.24. The cell 
action factor is plotted in terms of the "flexibility 
ratio", which is the ratio between soil stiffness 
(represented by the soil Young's modulus (Esoil)) and 
diaphragm stiffness (represented by the product of the 
Young's modulus of the diaphragm (Ec) by the third power of 
the ratio between its thickness and radius (t/R)).
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According to Fig. 3.24, the cell action factor decreases 
non-linearly with increasing values of flexibility ratio. 
The cell action factor also decreases with increasing 
values of soil Poisson's ratio (vsoll), but 
in this case the effect is comparatively small.
Another elastic solution was developed for the case of 
diaphragm-type normal stress transducers embedded in soil 
by Tory and Sparrow (1967). A particular solution was 
obtained for the case of boundary transducers, by assuming 
the thickness of the transducer to be zero. Both the 
technique of solution and the results obtained were 
similar to those of Askegaard (1961). Tory and Sparrow 
(1967) also studied the effect of adopting different 
definitions of cell action factor in their solution. One 
definition was in terms of displacement at the centre of a 
diaphragm (as used in some vibrating wire transducers). 
Another definition was in terms of the average of radial 
strains near the centre and radial strains near the edge 
of a diaphragm (as used in some electrical resistance 
strain-gauged transducers). According to Tory and Sparrow 
(1967), the difference between values of cell action 
factor calculated using these different definitions was 
smaller than 10%, other parameters being unchanged.
3.3.1.8 Comparison between Askegaard's solution and old 
data
A number of calibration tests of boundary normal stress 
transducers in soil have been described in the literature. 
However, values of soil modulus have been rarely reported. 
As a result, no comparison seems to have been attempted to 
date between theoretical predictions of cell action factor
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and experimental data. By gathering information from 
various sources, such a comparison is now attempted.
Kallstenius and Bergau (1956) performed calibrations of 
boundary normal stress transducer in gravel, as described 
in Section 3.3.1.3. In these tests, the walls of the 
calibration chamber consisted of steel rings, which were 
stacked one above the other, as described in the same 
section. Some of these rings were instrumented with dial 
gauges, for measurement of axial displacement. Others 
were instrumented with electrical resistance strain 
gauges, for measurement of circumferential strain, from 
which the corresponding radial pressure was deduced. From 
these values, both soil modulus and Poisson's ratio were 
calculated. However, K0 stress paths were followed in 
these experiments, and so values of constrained modulus 
(Dsoil) were evaluated, but were not reported. Instead, the 
soil was assumed to be linear elastic and isotropic, and 
corresponding values of Young's modulus were calculated. 
These were the values of soil modulus originally reported 
by Kallstenius and Bergau (1956), together with their 
values of cell action factor.
For reasons to be explained in Section 3.4.3.2, the 
comparison between theoretical predictions of cell action 
factor and experimental data is performed in this thesis 
in terms of constrained modulus. Values of flexibility 
ratio are calculated in this thesis in terms of 
constrained modulus, and not, as suggested by Askegaard 
(1961), in terms of Young's modulus. Consequently, 
Kallstenius and Bergau's original values of constrained 
modulus (not reported) were back-calculated from the 
reported values of Young's modulus. These values of 
Young's modulus varied between 27.5 MPa and 66.0 MPa.
From Kallstenius and Bergau's results, a value of
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Poisson's ratio of 0.3 could be deduced. Corresponding 
values of constrained modulus could then be back- 
calculated, being equal to 37.0 MPa and 88.9 MPa.
Moore (1985) performed calibrations of vibrating wire 
boundary normal stress transducers in dense sand. A 
calibration chamber with rigid walls was used. Each 
transducer was cast flush with the surface of a concrete 
plate at the bottom of the chamber. A rubber membrane was 
placed over the specimen, and water pressure was applied 
between the membrane and the lid of the chamber. During 
these tests, displacements of the specimen surface were 
measured at the centre of the chamber. From these values, 
the constrained modulus was calculated. Its value was
14.1 MPa.
Fig. 3.25 compares theoretical predictions of cell action 
factor with previous experimental data. Theoretical 
values of cell action factor were calculated with 
Askegaard's solution, for values of Poisson's ratio of 0.3 
for both the soil and the transducer. Experimental data 
were gathered from Kallstenius and Bergau (1956), and also 
from Moore (1985). For the stiffer transducer in 
Kallstenius and Bergau's experiments, values of 
flexibility ratio were calculated between 0.017 to 0.042, 
corresponding to a value of cell action factor of 0.89.
For the softer transducer, values of flexibility ratio 
were calculated between 0.52 and 1.26, corresponding to a 
value of cell action factor of 0.67. For the three 
transducers used by Moore (1985), values of flexibility 
ratio were calculated as 0.18, 0.41, and 0.72, 
corresponding to values of cell action factor of 1.14,
0.86, and 0.61, respectively. Fig. 3.25 shows that in all 
but in one case theoretical values of cell action factor 
are somewhat larger than previous experimental data.
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It is now assumed that this discrepancy is related to the 
technique of measuring soil strains. As described before, 
Kallstenius and Bergau (1956) calculated axial strains in 
the soil by measuring displacements of rings which formed 
the walls of the chamber. Moore (1985) calculated axial 
strains in the soil by measuring displacements of the top
surface of the specimen in relation to the lid of the
chamber. Both types of measurement resemble the 
conventional technique of measuring axial displacements in 
the triaxial test, i.e. by measuring the displacement of
the ram in relation to the top of the triaxial cell.
However, it has nowadays been well established that 
conventional measurements of axial deformation of triaxial 
specimens, made outside the triaxial cell, introduce 
significant errors in the computation of small strains 
(Clayton and Khatrush, 1986). Such errors can be as high 
as one order of magnitude in the case of very small 
strains, leading to computed values of soil modulus which 
are too low. This is due to the compliance of the 
apparatus, but also to bedding between specimen boundaries 
and the surrounding apparatus.
It is therefore suggested that values of soil modulus 
might have been under-estimated during calibrations of 
boundary normal stress transducers performed by both 
Kallstenius and Bergau (1956) and Moore (1985). The 
comparison between theoretical predictions of cell action 
factor and experimental data is repeated in Section 
3.3.3.5, but with new data.
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3.3.2 Preliminary calibrations of the Hall effect 
boundary normal stress transducer
3.3.2.1 First attempts in the triaxial cell - the 
problem of base friction
The first prototype of the Hall effect boundary normal 
stress transducer was described in Section 3.2.5, and 
shown in Fig. 3.9(a). For the calibration in fluid, this 
transducer was inserted in a pedestal (Fig. 3.10) which 
was bolted to the base of a triaxial cell. The same 
pedestal and triaxial cell were also used for the 
calibration in soil.
At first, the calibration in soil was thought to be more 
accurate if performed in a chamber with a flexible wall,
i.e. a triaxial cell. The choice of stress path would 
then be wider than if using a chamber with rigid wall.
The normal stress at the transducer location could be 
expected to be more uniform, because friction between the 
specimen side and the chamber wall would be avoided. 
Previous experience with calibration of normal stress 
transducers embedded in soil apparently supported this 
view (Hvorslev, 1976; Weiler and Kulhawy, 1978; Weiler and 
Kulhawy, 1982; Kohl, New and O'Rourke, 1989).
These calibration tests were performed with uniform fine 
Leighton Buzzard sand (mean particle size 0.11 mm). Two 
specimens (diameter 100 mm; height 210 mm) were prepared, 
both loose. Each specimen was initially subjected to an 
isotropic stress path, followed by a deviatoric stress 
path. In these tests, the modulus of the soil was 
expected to be larger for the isotropic stress path, in 
comparison with the deviatoric stress path. As a result, 
the value of cell action factor was expected to be smaller
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for the isotropic stress path than for the deviatoric 
stress path. However, that did not happen.
Fig. 3.26 shows both calibration tests. Contrary to what 
was expected, the cell action factor of the Hall effect 
boundary normal stress transducer was higher for the 
isotropic stress path than for the deviatoric stress path; 
it was even higher than 1.0, for the case of the isotropic 
stress path. At first, these results could not be 
understood. However, careful examination of these 
results, together with additional information from the 
literature, showed the possible reason.
It was reasoned that in these tests the distribution of 
normal stress on the pedestal might not be uniform. By 
considering the deformation of an element of soil adjacent 
to the pedestal, the following mechanistic picture was 
formulated (Fig. 3.27). During the deviatoric stress 
path, the specimen would develop radial strains, but due 
to platen friction these would be lowest at the top cap 
and base pedestal. As a result, friction with the soil 
would drag the upper surface of the element outwards, but 
friction with the pedestal would keep its lower surface in 
approximately the position. A clockwise moment (Mc) would 
therefore be acting on the element, which would then 
require for equilibrium an equal, but anticlockwise moment 
(Ma_c). The vertical surface to the right of the element 
would not contribute to this moment, as the lateral 
membrane might be assumed as frictionless. In addition, 
axial symmetry would imply that friction could not be 
mobilized on any other vertical surface of the element. 
However, the required anticlockwise moment could be 
provided by normal stresses distributed non-uniformly on 
both the upper and lower surfaces of the element. For the 
deviatoric stress path, the normal stress at the centre of
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the pedestal would then be smaller than the average, as 
shown in Fig. 3.27. The same mechanistic picture could be 
applied for the isotropic stress path, and the normal 
stress at the centre of the pedestal would then be larger 
than the average. If this simple mechanistic picture was 
accurate, the discrepancy noted in the calibration of the 
Hall effect boundary normal stress transducer would be 
explained. A similar mechanistic picture was formulated 
by Wood and Budhu (1980) to explain the non-uniformity of 
the distribution of normal stress in the simple shear 
apparatus.
By means of an elastic analysis, Balia (1960) predicted 
that the distribution of normal stress on a rough pedestal 
should be non-uniform, if a deviatoric stress path was 
followed. By instrumenting the pedestal of a large 
triaxial cell with boundary normal stress transducers, 
Kirkpatrick, Seals and Newman (1974) measured non-uniform 
normal stresses during deviatoric loading. In this case, 
normal stresses at the centre of the pedestal (av(r=0)) were 
smaller than the average av, as shown in Fig. 3.28(a). 
These results are consistent with the suggested 
mechanistic picture. In addition, Kirkpatrick, Seals and 
Newman (1974) repeated these experiments by covering the 
pedestal with a lubricated membrane. The distribution of 
normal stress on the pedestal then became much more 
uniform, as shown in Fig. 3.28(b).
Calibration tests of boundary normal stress transducers in 
soil were performed by Carder and Krawczyc (1975). In 
their tests, a large triaxial cell was used, and an 
isotropic stress path was followed. In addition, each 
test was repeated once, by interposing a lubricated rubber 
membrane between the soil and the pedestal. Fig. 3.29 
shows calibration curves obtained with washed sand.
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According to Fig. 3.29, values of cell action factor were 
smaller if lubricated membranes were used, for the case of 
diaphragm-type transducers. In contrast, values of cell 
action factor were similar, with or without lubricated 
membrane, for the case of a piston-type transducer. 
According to Carder and Krawczyc (1975), their results 
indicated that friction across the base caused a reduction 
in lateral stress which changed appreciably the nature of 
the stress distribution in the soil immediately over the 
transducer face. Also according to Carder and Kracwzyk 
(1975), this change affected adversely the accuracy of 
diaphragm-type transducers. But in the light of the 
mechanism postulated here, it may be argued that these 
changes were due to a redistribution of normal stress.
The theoretical work of Balia (1960), the experimental 
work of Kirkpatrick, Seals and Newman (1975), and also the 
experimental work of Carder and Krawczyk (1975), supported 
to a large extent the interpretation that the cell action 
factor of the Hall effect boundary normal stress 
transducer was over-estimated by the isotropic stress 
path, and under-estimated by the deviatoric stress path. 
The only exception appeared to be the piston-like 
transducer described by Carder and Krawczyk (1975). 
However, values of cell action factor were very small for 
the piston-like transducer, as shown by Fig. 3.28(a). As 
a result, the assumed over-estimation of the cell action 
factor by the isotropic stress path (if it really existed 
for this transducer) could have been masked by the large 
distortion of the distribution of normal stress near its 
face.
As a consequence, the use of either an isotropic stress 
path or a deviatoric stress path was abandoned. The value 
of cell action factor of the Hall effect boundary normal
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stress transducer was considered to be unreliable, if the 
calibration test was run by following one of these stress 
paths. In addition, no further consideration was given to 
the interposition of a lubricated membrane between the 
soil and the pedestal. It was feared that this technique 
might not be adequate for the calibration of a boundary 
normal stress transducer. The interposition of such a 
soft and compressible material between soil and diaphragm 
might prevent full development of soil arching over the 
diaphragm, and give an incorrect cell action factor. The 
effect of membrane penetration on K0 stress path testing, 
which is discussed in Section 3.3.3.3, seems to support 
this view.
For the final version of the boundary normal stress 
transducer, the calibration in soil was performed in the 
triaxial cell by following K0 stress paths, as described in 
Section 3.3.3. The calibration curve from one test (test 
M) has already been reproduced in Fig. 3.26. Despite both 
the design of the transducer and the void ratio of the 
soil being slightly different, this test was assumed to be 
comparable to previous isotropic and deviatoric tests. As 
expected, values of cell action factor for the K0 stress 
path were intermediate between corresponding isotropic and 
deviatoric stress paths (Fig. 3.26).
All subsequent calibration tests with the Hall effect 
boundary normal stress transducer were performed by 
following Ke stress paths. Initially, such tests were 
carried out in a chamber with a rigid wall.
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3.3.2.2 Calibrations in a chamber with a rigid wall
The improved prototype of the boundary normal stress 
transducer was described in Section 3.2.5, and shown in 
Fig. 3.9(b). For the calibration of this transducer in 
soil, a chamber with a rigid wall was selected. This 
chamber was adapted from a Rowe-type hydraulic 
consolidation cell.
The calibration chamber is shown in Fig. 3.30. In this 
chamber, a steel plate was used for holding the 
transducer. Except for its size, this plate was identical 
to the pedestal used for the calibration in fluid, shown 
in Fig. 3.10. Assembly consisted of clamping the 
transducer to the centre of the plate, with the diaphragm 
flush with the surface of the plate. A spacer disc was 
placed over the bottom of the chamber, and the plate was 
placed inside the chamber, bearing on the spacer disc.
The gap between the side of the plate and the wall of the 
chamber was filled with epoxy resin. During each test, a 
rubber membrane was placed over the specimen of sand, and 
water pressure was applied between the specimen and the 
lid of the chamber. The diameter of the specimen was 252 
mm, and its height 42 mm. The diameter of the transducer 
was 24 mm. The ratio between the height of the specimen 
and its diameter was therefore 1/6, as recommended by 
Trollope and Lee (1961). In addition, the ratio between 
the diameter of the diaphragm and the height of the 
specimen was 0.57, a value between limits recommended by 
Taylor (1947) and by Selig (1981).
Two granular soils were used, prepared at three void 
ratios. One soil was a coarse Leighton Buzzard sand with 
an average particle size of 0.9 mm. The other soil
134
was a fine Leighton Buzzard sand with an average particle 
size of 0.11 mm. Each specimen was prepared by using the 
hopper described in Section 3.3.2. The height of fall of 
sand particles, the air pressure applied to the lower 
chamber of the hopper, and the hopper speed were all 
chosen by preliminary tests, so that the desired void 
ratio could be produced. Both soils were tested air-dry, 
with a moisture content not larger than 0.3 %.
Each test consisted of increasing the water pressure to 50 
kPa, unloading to zero, reloading to 250 kPa, and 
unloading once more to zero. Fig. 3.31 shows the 
relationship between the output of the transducer and the 
applied pressure for a loose fine sand, and also for a 
dense coarse sand. The average cell action factor was 
larger than 0.9 for the fine sand, but smaller than 0.6 
for the coarse sand. The hysteresis on unloading was 
small for the fine sand, but very large for the coarse 
sand. In each test, the cell action factor was larger for 
the low stress cycle than for the high stress cycle. 
Similarly, the hysteresis upon unloading was smaller for 
the case of the low stress cycle. Table 3.1 outlines 
these results.
Fig. 3.32 shows the relationship between the output of the 
transducer and the applied pressure for all calibration 
tests. For clarity, only the high stress cycle has been 
reproduced in Fig. 3.32. In general,.the larger the 
relative density, then the smaller was the cell action 
factor at each stress level. In addition, the larger the 
stress level, then the smaller was the cell action factor 
at each relative density. However, the most interesting 
result was the fact that the cell action factor was 
consistently smaller for the coarse sand in comparison 
with the fine sand, as shown in Fig. 3.33. At that
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moment, there was no clear explanation for this 
phenomenon.
These values of cell action factor were smaller than 
expected, particularly for the coarse sand. For this 
case, existing design criteria for boundary normal stress 
transducers seemed to have failed to produce an adequate 
performance, which was unexpected. The performance of the 
transducer in fine sand was clearly different than in 
coarse sand, which was also unexpected. As an attempt to 
explain this behaviour, it was assumed that the modulus of 
the soil could be affecting these results. As a result, a 
new series of calibration tests was devised, using an 
automated stress path triaxial equipment with local strain 
measurement, before deciding which soil should be used in 
the model wall experiments.
3.3.3 Further calibrations in the automated stress path 
triaxial equipment
Additional calibration tests were performed with the Hall 
effect boundary normal stress transducer by using a 
triaxial equipment with automatic stress path control.
This equipment was originally developed as part of a 
research on the yield of a fine sand. It has been 
described by Khatrush (1987), and also by Clayton and 
Khatrush (1988).
These tests were performed to explain unexpected results 
from previous calibration tests. It was particularly 
important to clarify why measured cell action factors were 
consistently smaller for coarse sand than for fine sand. 
The initial assumption was that the coarse sand should 
have larger values of soil modulus than the fine sand, at
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comparable values of both relative density and stress 
level. In order to test this assumption, triaxial 
calibration tests were performed by following K0 stress 
paths, and measurements of axial displacement were taken 
during these tests. Because axial strains were expected 
to be small, axial displacements were measured in the 
middle third of the specimen height, using Hall effect 
local strain devices, as recommended by Clayton and 
Khatrush (1986). In addition, radial displacements were 
monitored with a Hall effect instrumented calliper, also 
described by Clayton and Khatrush (1986).
3.3.3.1 Equipment
Two small modifications were made in the original triaxial 
cell to allow the transducer to be calibrated. The cell 
was fitted with the same pedestal used for holding the 
transducer in the fluid calibration (Fig. 3.10). A flat 
and smooth plate was fixed to the bottom of the load cell, 
bearing on a steel ball which was placed over the centre 
of the top cap (Fig. 3.34). The purpose was to minimize 
the distortion of the specimen when the load cell was 
lowered and brought in contact with the top cap.
Some preliminary calibration tests were performed in a 
triaxial cell, as described in Section 3.3.2.1. These 
tests showed that the specimen could be distorted if a 
conventional top cap was used, i.e. if a small ram was 
fitted to the load cell, bearing on the conical cavity of 
the top cap. The observed distortion consisted of a 
sideways displacement of the specimen when the ram touched 
the top cap. At the same time, the transducer could show 
erratic readings. As a result, both the load cell and the 
top cap were carefully aligned before clamping the
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triaxial cell, for the calibration tests described in 
Section 3.3.2.1.
However, an improvement was felt necessary for the new 
series of tests. By using the modified top cap 
arrangement, no distortion of the specimen was observed 
when the load cell touched the top cap, and consistent 
readings were obtained. The fact that this arrangement 
provided no axial guiding for the top cap was not 
considered important in these tests, because axial strains 
were small. According to Bishop and Henkel (1962), 
guiding of the top cap would be critical only for tests 
following large axial strains, i.e. corresponding to 
failure.
3.3.3.2 Specimen preparation
Specimens of sand (diameter 100 mm; height 210 mm) were 
prepared by the raining technique described by 
Kolbuszewski and Jones (1961). The height of fall and the 
rate of flow of sand particles were adjusted by trial and 
error until achieving the desired void ratio. For each 
test, a latex membrane was clamped to the sides of the 
pedestal with O-rings. A split mould was placed around 
the pedestal, and the membrane was gently stretched and 
folded around the top of the mould. Vacuum was applied 
between the membrane and the internal surface of the mould 
in order to eliminate any sagging of the membrane; this 
vacuum was kept throughout the specimen preparation. Once 
the mould was full, the surface of the sand was levelled, 
the top cap was placed on top of the sand, and the 
membrane was unfolded and clamped to the top cap with O- 
rings. At this moment, the vacuum between the membrane 
and the mould was released, and a small vacuum was
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subsequently applied inside the specimen to keep it 
standing after removal of the mould. Measurements of 
length and diameter were then taken.
Before starting the programme of tests, both the Hall 
effect local axial strain devices and the Hall effect 
instrumented calliper were calibrated in a micrometer jig 
described by Khatrush (1987). In these tests, both 
instruments were installed as described by Khatrush 
(1987). Each axial strain device was attached to the 
specimen by applying contact cement between the membrane 
and each pad of the device. Because the contact cement 
was hygroscopic, both pads were covered with latex 
solution, together with part of the membrane. The 
calliper was installed near the middle height of the 
specimen, and fixed to the membrane with strips of 
adhesive tape on its pads. For each Hall effect 
instrument, the magnet arm and the encapsulated sensor 
were aligned by eye, and positioned approximately in the 
middle of the linear range, which was about 3 mm.
The triaxial cell was filled with de-aired water, and a 
small hydrostatic stress of 25 kPa was applied to the 
specimen, while the vacuum was released. In these tests, 
a deviatoric stress path was initially followed until the 
K0 line was reached. A K0 stress path was subsequently 
followed up to an axial stress of 250 kPa, when the test 
was stopped. Unloading then followed.
Some tests were performed with automatic control of the Ke 
condition; the equipment was programmed to increase the 
axial stress and at the same time to keep the specimen 
diameter constant within close tolerance (about ± 1 /m). 
Before the K0 line was met, the stress path was 
approximately deviatoric in this type of test, although
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the radial stress was sometimes slightly reduced in the 
process. After the Kc line was met, the stress path 
followed this line, and it was fairly rectilinear.
However, for reasons not yet entirely clear, but probably 
related to the sensitivity of the calliper, the K0 stress 
path was often smoother for tests with fine sand, in 
comparison with tests with coarse sand.
Additional calibration tests were performed with pre­
determined stress paths, mostly in coarse sand, by 
attempting to simulate a true K0 stress path by trial and 
error. The acceptance criterion was the amount of radial 
displacement measured during the simulation of the K0 
stress path. Tests with small radial displacements 
(typically 10 /im or less) were accepted as representative 
of Ke. The type of test is indicated in Table 3.2, 
together with the amount of radial displacement observed.
3.3.3.3 Membrane penetration effects - correction
According to these tests, the cell action factor of fine 
sand decreased with decreasing void ratio, while the 
constrained modulus increased. However, according to the 
same tests, the cell action factor of coarse sand 
decreased with decreasing void ratio, but the constrained 
modulus increased little. The behaviour of the coarse sand 
seemed therefore inconsistent, and the testing setup was 
re-examined.
A review on the literature concerning triaxial testing 
suggested a possible reason. Since the work of Barden and 
Rowe (1963), membranes lubricated with silicone grease 
have been used to minimize friction at the ends of the 
specimen. These membranes are inserted between the
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specimen and the top cap, and also between the specimen 
and the pedestal of the cell. Axial stresses are 
therefore applied to the specimen through these membranes.
Triaxial compression tests were performed with and without 
lubricated membranes by Sarsby, Kalteziotis and Haddad 
(1980). Specimens of granular soil were used in these 
tests, with various particle sizes. Measurements of axial 
displacement with and without membranes were compared, and 
values of membrane penetration were deduced. These values 
were related to both axial stress level and particle size. 
According to Fig. 3.35, values of membrane penetration 
were small for fine sand, but considerable for coarse 
sand.
In the present tests, the calliper rested on the outside 
of the membrane, in the automated stress path triaxial 
equipment. Based on previous work on membrane 
penetration, the following assumption was devised to 
explain the behaviour of coarse sand. During Kc stress 
path testing, each increment of cell pressure would push 
the membrane further into the voids, and its area would 
increase. Because rubber may be considered 
incompressible, the membrane would decrease in thickness. 
As a result, the measurement of radial displacement would 
be in error. For the K0 stress path testing, the decrease 
in membrane thickness would imply an increase of specimen 
diameter. A true K0 stress path would therefore not be 
followed. Instead, the actual stress path would be 
intermediate between a Ke stress path and a deviatoric 
stress path. Consequently, the modulus of the soil would 
be measured incorrectly? it would be smaller than for a 
true K0 stress path. The coarser the granular soil, then 
the deeper would be the membrane penetration, and 
therefore the smaller would be the measured modulus in
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comparison with the true Kc stress path. The effect should 
be negligible for a fine sand. In addition, the denser 
the granular soil, then the stiffer would be the specimen. 
However, the stiffer the specimen, assuming the same error 
in the measurement of radial displacement, then the more 
the actual stress path would depart from the true Kc stress 
path, i.e. increasingly towards the deviatoric stress 
path. As a result, the smaller would be the measured 
modulus in comparison with the true Kc stress path. 
Experiments were then devised to test this assumption.
First, a steel tube was machined to a smooth finish. The 
tube was placed over the pedestal of a triaxial cell, and 
a top cap was placed over the tube. Both the pedestal, 
the tube and the top cap were covered with a membrane, 
which was clamped with O-rings to both the pedestal and 
the top cap. A calliper was placed over the membrane to 
measure the radial displacement. The triaxial cell was 
filled with water, and the cell pressure was increased to 
100 kPa. Subsequently, the same experiment was repeated, 
but with coarse sand coating the tube.
The radial displacement measured with the calliper was 
insignificant for the uncoated tube (smaller than 1 fiTa), 
but comparatively large for the tube coated with coarse 
sand (larger than 30 fim). It was therefore confirmed that 
the measurement of radial displacement might be affected, 
if the calliper rested directly on the membrane. Although 
no experiment was performed with fine sand coating the 
tube, a smaller radial displacement might be expected for 
this case.
A simple solution was devised. Two pads (19-mm square) 
were cut from a brass sheet (1-mm thick). These pads were 
bent, so that the curvature matched the sides of the
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specimen. After assembling the split mould, and before 
preparing the specimen, both pads were placed on the inner 
side of the membrane, at mid-height of the specimen, 
diametrally opposite to each other? double-sided adhesive 
tape fixed the pads to the membrane. After removing the 
split mould, the pads of the calliper were placed on the 
membrane, but with the inner pads underneath. As a 
result, the membrane was separated from the soil, at least 
immediately under the pads of the calliper, and could not 
penetrate into the voids during K0 stress path testing.
Tables 3.2(a) and 3.2(b) show values of K0 and soil modulus 
(in terms of constrained modulus) measured in calibration 
tests with the automated stress path equipment, run with 
and without inner pads. In these tests, the constrained 
modulus of very dense coarse sand (relative density 
between 0.86 and 0.92) was considerably higher when inner 
pads were used (about 340 MPa with pads? 190 MPa without 
pads), while K0 was slightly higher (about 0.36 with pads? 
0.34 without pads). The constrained modulus of medium 
dense coarse sand (relative density between 0.48 and 0.50) 
was slightly higher when inner pads were used (about 160 
MPa with pads? 150 MPa without pads), while K0 was somewhat 
higher (about 0.50 with pads? 0.45 without pads). The 
constrained modulus of loose fine sand was slightly 
smaller when inner pads were used (about 30 MPa with pads? 
37 MPa without pads), while Kc was the same (0.55 with and 
without pads).
Consequently, the assumption that the modulus of the soil 
might have been affected by placing the calliper on the 
membrane appeared to have been supported to some extent by 
experimental evidence, despite the small number of tests. 
The effect appeared to be large for very dense coarse 
sand, but small for both medium dense coarse sand and
143
loose fine sand. In addition, the technique of using 
inner pads to avoid membrane penetration immediately 
underneath the pads of the calliper appeared to have 
worked well. As a result, calibration tests A and B 
(performed in very dense coarse sand without pads) were no 
longer considered in the analysis. Conversely, both tests 
0 (performed in very dense coarse sand with pads) and E 
(performed in dense coarse sand without pads, but having a 
large inwards apparent radial displacement) were 
considered for the analysis.
3.3.3.4 Test results
Tests C to L were performed by using a Hall effect 
boundary normal stress transducer with a 0.7-mm thick 
diaphragm. For each test, both the cell action factor and 
the modulus of the soil were evaluated along the Kc line, 
at different axial stresses. Results from these tests are 
outlined in Table 3.2(a). These results showed 
conclusively that, at comparable values of relative 
density, values of constrained modulus for coarse sand 
were larger than for fine sand. At the same time, values 
of cell action factor were smaller for coarse sand than 
for fine sand. An explanation was therefore found for the 
difference in cell action factor observed between coarse 
and fine sand during calibrations in the Rowe-type cell.
In addition, an explanation was found for the poor 
performance of the transducer in dense coarse sand; the 
stiffness of the soil was simply too large in relation to 
the stiffness of the transducer.
These results also supported the suspicion that existing 
design criteria for diaphragm-type boundary normal stress
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transducers might be inadequate. A re-assessment of these 
criteria is next attempted by making use of the new data.
3.3.4 Assessment of design criteria for boundary normal 
stress transducers
Existing design criteria for diaphragm-type boundary 
normal stress transducers are next compared with the new 
data. As suggested by previous calibration tests with the 
Hall effect boundary normal stress transducer, existing 
design criteria based only on transducer stiffness may be 
unreliable. It also appears that reliable designs might 
only be achieved by using criteria based, among other 
things, on the ratio between soil stiffness and transducer 
stiffness. Bearing in mind that both the cell action 
factor and the modulus of the soil were measured in the 
new calibration tests, this assumption might be assessed, 
apparently for the first time.
Design criteria based on the ratio between soil stiffness 
and transducer stiffness assume the diaphragm to be 
uniformly thick and clamped to a rigid outer ring. This 
assumption was satisfied to a large extent by the Hall 
effect boundary normal stress transducer; the outer ring 
was considerably thicker than the diaphragm, but the 
diaphragm itself was not uniformly thick, as it had a stud 
at the centre. As a result, the nominal thickness of 
diaphragm (t) could not be used to calculate the 
flexibility ratio; an effective thickness had instead to 
be defined. A method for the evaluation of the effective 
thickness had been devised by considering theoretical 
solutions for both a circular plate uniformly thick and a 
circular plate with a stiffener at the centre; both plates 
were assumed clamped at the edges (Roark, 1968).
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According to this method, the effective thickness of 
diaphragm was calculated from the nominal thickness by 
requiring these plates to have identical displacements at 
the centre for the same load. By applying this method, 
the difference between the nominal thickness of diaphragm 
and the effective thickness was about 5 % for the Hall 
effect boundary normal stress transducer (Tables 3.2(a) 
and 3.2(b)).
In these tests, measured values of cell action factor 
varied between 1.0 and 0.5. In addition, measured values 
of constrained modulus varied between 20 MPa and 400 MPa. 
By considering the diaphragm modulus to be 2.1 x 105 MPa, 
the diaphragm radius to be 12 mm, and the effective 
thickness of diaphragm to be 0.74 mm, corresponding values 
of flexibility ratio were calculated (with soil modulus 
expressed in terms of constrained modulus). These values 
varied between 0.5 and 8. However, this range was 
somewhat narrow? a wider range of values of flexibility 
ratio would be needed for the assessment of design 
criteria. More tests were therefore devised.
Additional calibration tests were run in the automated 
triaxial stress path equipment. Another Hall effect 
boundary normal stress transducer was used, but with an 
effective thickness of diaphragm equal to 0.42 mm. The 
range of values of flexibility ratio was extended to about 
35, and values of cell action factor were measured as low 
as 0.2. Table 3.2(b) outlines these results.
In these tests, the ratio between the displacement at the 
centre of the diaphragm and its diameter was calculated 
for each transducer at a normal stress of 250 kPa. For 
the transducer with an effective thickness of diaphragm of 
0.74 mm, the calculated value of displacement at the
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centre of the diaphragm was 10.6 /im, and the ratio between 
the displacement at the centre of the diaphragm and its 
diameter was 1/2,260. For the transducer with an 
effective diaphragm thickness of 0.42 mm, corresponding 
values were 57.2 /m and 1/420. Such values were required 
for a comparison between the new data and the W.E.S. data.
In addition, for the transducer with an effective 
diaphragm thickness of 0.74 mm, the ratio between the 
displacement at the centre of the diaphragm and the 
applied normal stress was calculated as 4.2 x 10"5 mm/kPa. 
For the transducer with an effective diaphragm thickness 
of 0.42 mm, the same ratio was calculated as 3.0 x 10~4 
mm/kPa. These values were required for a comparison 
between the new data and Trollope and Lee's data.
The new data and the average curve of the W.E.S. data are 
superimposed in Fig. 3.36. For clarity, only the range of 
experimental values of cell action factor was shown, 
instead of individual values. The W.E.S. data seemed 
comparable only to the upper range of the new data, 
corresponding to loose fine sand.
The original W.E.S. criterion was not supported by the new 
data. This criterion requires the ratio between the 
displacement at the centre of the diaphragm and its 
diameter to be 1/1,000, or less. If a transducer is 
designed according to this criterion, the value of cell 
action factor may be very low. Even modern versions of 
the W.E.S. criterion were not well supported by the new 
data. These criteria require the ratio between the 
displacement at the centre of the diaphragm and its 
diameter to be 1/2,000, or preferably 1/5,000. The value 
of cell action factor can therefore still be low (perhaps 
as low as 0.6), particularly for dense coarse sand, and
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presumably for coarser soils. Consequently, the W.E.S. 
criterion appears to be unsatisfactory for the design of 
boundary normal stress transducers.
Fig. 3.37 shows the new data in terms of the ratio between 
the displacement at the centre of the diaphragm and the 
applied normal stress. The new data is compared with the 
design criterion proposed by Trollope and Lee (1961), as 
revised by Lee (1968). This criterion requires the ratio 
between the displacement at the centre of the diaphragm 
and the applied normal stress to be equal to 3.6 x 10"5 
mm/kPa. Both Hall effect normal stress transducers 
violate this criterion but, for the case of the transducer 
with an effective thickness of diaphragm of 0.74 mm, only 
by a small margin. For this transducer, the new data and 
the design criterion can be compared. Similar to the 
W.E.S. criterion, Trollope and Lee's criterion gives low 
values of cell action factor for dense coarse sand.
The new data is compared with Askegaard's elastic solution 
in Fig. 3.38. In this solution, the flexibility ratio was 
originally expressed in terms of Young's modulus.
However, the new data was determined from sand subjected 
to K0 stress paths, and values of flexibility ratio were 
therefore expressed in terms of constrained modulus. For 
consistency, values of flexibility ratio in Askegaard's 
solution were re-calculated in terms of constrained 
modulus. For this purpose, the constrained modulus was 
related to Young's modulus by considering the soil to be 
linear elastic and isotropic, assumptions also made in 
Askegaard's solution. A value of Poisson's ratio equal to 
0.3 was assumed for the soil, which corresponded to a 
value of Ke equal to 0.43, according to these assumptions. 
This value was approximately equal to the average of 
measured values of K0, as shown by Table 3.2. Previous
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data from tests performed in the Rowe-type cell were also 
included in Fig. 3.38. As values of constrained modulus 
were not measured in these tests, corresponding values of 
flexibility ratio were assumed as equal to the average of 
comparable tests performed in the automated stress path 
triaxial equipment (see Table 3.1).
A simple hyperbolic equation was fitted to the new data, 
as shown by Fig. 3.38. The corresponding histogram of 
errors was evaluated, as shown by Fig. 3.39. This 
histogram was symmetric, suggesting that the equation 
fitted the data well. Both 95 % confidence limits for 
this equation (about ± 0.09) were within the expected 
range of scatter, as previously shown for the case of 
normal stress transducers embedded in soil (Brown, 1974).
Askegaard's solution and the hyperbolic equation are 
compared in Fig. 3.38. The difference is small for values 
of flexibility ratio smaller than 1.0. This difference 
increases slowly with increasing values of flexibility 
ratio, but is never large, even for a value of flexibility 
ratio of about 20. Above this, the comparison ceases to 
have a meaning? a value of flexibility ratio of 20 was 
suggested as the upper limit of validity of the 
theoretical solution. For values of flexibility ratio 
larger than 20, the theoretical solution may predict 
tension between the diaphragm and the soil at some points, 
according to Askegaard (1961). The agreement between 
Askegaard's solution and experimental evidence was good, 
as shown by Fig. 3.38. This was encouraging, bearing in 
mind that a number of assumptions in the theoretical 
solution, such as linear elasticity, an isotropic and 
semi-infinite soil, and also a uniformly thick diaphragm, 
were only partially fulfilled in these calibration tests 
by both the soil and the transducer.
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From a practical point of view, the most important 
conclusion is that the pattern of decreasing cell action 
factor with increasing flexibility ratio has been verified 
by calibration tests performed with the automated stress 
path triaxial equipment (Fig. 3.38). This pattern has not 
been shown clearly in the past (Fig. 3.25). A possible 
reason why tests with the automated stress path triaxial 
equipment seemed to have succeeded was the use of local 
axial strain measurement, by means of Hall effect 
displacement transducers. According to Clayton and 
Khatrush (1986), values of soil modulus might be 
significantly under-estimated by an external axial strain 
measurement, particularly at low strains. For the 
calibrations performed in the automated triaxial stress 
path equipment, values of axial strain were smaller than 
0.5 %, as can be deduced from Table 3.2. At such small 
strains, techniques used in previous calibration tests for 
the measurement of axial displacement, such the axial 
displacement of stacked rings.(Kallstenius and Bergau, 
1956) or the axial displacement of the chamber membrane 
(Moore, 1985), are unlikely to have been accurate.
According to Fig. 3.38, values of flexibility ratio should 
be smaller than 0.25, if the cell action factor is to be 
larger than 0.95. However, particularly for stiff soils, 
another possibility would be to correct measured values of 
normal stress, by means of some relationship between cell 
action factor and flexibility ratio. One such 
relationship could be the hyperbolic equation shown in 
Fig. 3.38. Advanced laboratory testing might be necessary 
to obtain accurate values of soil modulus for the 
calculation of the flexibility ratio. This might be 
interpreted as a disadvantage in practice. However, 
advanced triaxial testing, particularly with local 
measurement of axial displacement, is being increasingly
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used in practice to provide soil parameters for numerical 
analysis. In this case, accurate values of soil modulus 
might be available anyway, even for small axial strains. 
Another disadvantage could be the requirement of values of 
transducer stiffness. If design criteria based on the 
relationship between soil stiffness and transducer 
stiffness are to be used, a complete description of the 
transducer must be supplied. Otherwise, the displacement 
at the centre of the transducer diaphragm could be 
measured during a calibration in fluid, allowing the 
transducer stiffness to be evaluated.
However, these design criteria have been verified only for 
a K0 stress path; further calibration tests with other 
stress paths must therefore be performed. For this 
purpose, calibration equipment must be assessed for the 
uniformity of the distribution of normal stress at the 
transducer location, before being used. This might 
require considerable equipment development, which was 
considered to be outside the scope of this research.
The objective of these calibration tests was to understand 
the Hall effect boundary normal stress transducer. By 
means of these calibrations, it was demonstrated that no 
serious flaws were present in its basic design, and that 
the transducer could be used with confidence for the 
instrumentation of the model wall. The assessment of 
existing design criterions for boundary normal stress 
transducer was an useful by-product of the main work.
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3.3.5 Cell action factors to be used in the 
interpretation of test results
The interpretation of measurements taken from boundary 
normal stress transducers inserted in the model wall 
requires the knowledge of corresponding values of cell 
action factor. Ideally, the variation of soil modulus at 
the transducer location should be estimated as the wall is 
loaded. Corresponding values of cell action factor could 
then be evaluated from the relationship with the 
flexibility ratio. However, the relationship between cell 
action factor and flexibility ratio was not verified for 
stress paths other than K0. A simpler approach was then 
adopted for this work.
Originally, it was thought that these experiments should 
be performed with coarse Leighton Buzzard sand, as this 
material was used in previous model testing of retaining 
wall (James and Bransby, 1970; Bransby and Milligan, 1975; 
Milligan and Bransby, 1976; Milligan, 1983). However, 
fine Leighton Buzzard sand was instead selected, as 
measured values of cell action factor were consistently 
higher than for the coarser sand.
Fixed values of cell action factor were subsequently 
attributed to Hall effect boundary normal stress 
transducers. The cell action factor was not smaller than 
about 0.80 in dense sand, and not smaller than about 0.90 
in loose sand. However, model wall experiments induce 
stress paths in the soil leading to failure.
Corresponding values of soil modulus were therefore 
expected to be smaller than for comparable K0 stress path 
tests. In addition, stress levels in the model wall 
experiments were expected to be relatively small, probably 
less than 50 kPa. As a result, values of cell action
152
factor are likely to be less pessimistic in the model wall 
experiments. Values of cell action factor were then 
adopted equal to 0.90 for dense sand, and 0.95 for loose 
sand. Both values were applied to transducers measuring 
steadily increasing normal stresses on the wall, as was 
found along the excavated side of the wall above the 
centre of rotation, and along the retained side of the 
wall below the centre of rotation.
On the other hand, normal stresses on the wall were 
expected to decrease along the excavated side of the wall 
below the centre of rotation, and slightly increase along 
the retained side of the wall above the centre of 
rotation. At both locations, normal stresses were 
expected to be very small, probably not exceeding a few 
kilopascals. For transducers measuring these stresses, 
values of cell action factor were then assumed equal to 
1.0.
These choices might appear arbitrary, at the first sight. 
However, this seems to be the only simple approach which 
can be followed in practice at the moment. As shown in 
previous sections, there is at present no practical way of 
determining values of cell action factor of boundary 
normal stress transducers for stress paths other than K0.
Another difficult problem was the evaluation of cell 
action factors for the boundary shear stress transducers. 
Since the work of Arthur and Roscoe (1961), contact stress 
transducers have been used mainly in model testing, with 
values of cell action factor being assumed equal to 1.0. 
Arthur and Roscoe (1961) justified this assumption on the 
grounds that the ratio between the displacement of the 
transducer block and the length of this block was not 
larger than 1/2,000. An analogy was therefore made with
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the W.E.S. design criterion (WES, 1944). More recently, 
Bond and Jardine (1989) justified the same assumption on 
the grounds that the ratio between the displacement of the 
transducer block and its length was not larger than 
1/10,000. In this case, an analogy was made with the 
design criterion proposed by Kallstenius and Bergau 
(1956). It appears that neither theoretical design 
criterions nor experimental calibration techniques have 
been developed for contact stress transducers, so far.
The same observation seemed to be true for the boundary 
normal stress transducer used in the model wall, as this 
instrument was essentially a simplified version of the 
original contact stress transducer.
A diaphragm-type contact stress transducer was developed 
by Askegaard (1985). A design criterion was proposed for 
the shear stress sensing portion of this transducer, being 
the only criterion so far suggested for a shear stress 
transducer. In addition, calibration equipment was built, 
similar to a simple shear apparatus (Askegaard, 1961). 
However, the Hall effect boundary shear stress transducer 
was a piston-like device, and Askegaard's criterion 
therefore could not be used to evaluate its cell action 
factor. Similarly, this transducer was not calibrated 
with the simple shear apparatus. The literature has 
expressed concern about this type of equipment; the 
distribution of shear stress has been shown to be non- 
uniform along both the upper and lower boundaries of the 
specimen, due to the lack of complementary shear stresses 
along the lateral boundaries (Wood and Budhu, 1980).
A simpler approach was adopted in this work. Because the 
stiffness of the shear stress transducer was similar to 
the corresponding normal stress transducer, identical 
values of cell action factor were used. Further research
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was thought to be beyond the scope of this work, because 
very sophisticated apparatus would need to be developed.
3.4 Measurement of wall displacements
The mode of displacement expected from a rigid free 
embedded cantilever wall should be a rotation about a 
point somewhere above the lower end. In this thesis, 
horizontal displacements of the model wall were measured 
with two displacement transducers, separated by a suitable 
vertical distance. Both transducers were positioned 
behind the wall, at mid-width of the test tank (Fig.
3.40).
For these experiments, electrical resistance strain-gauged 
displacement transducers were selected (MPE HS-25). A 
light frame was assembled behind the model wall, to 
support the casing of each transducer. The frame was 
fixed to the test tank by means of magnetic clamps. The 
spindle of each transducer rested on perspex pads, which 
were bonded to the model wall (Fig. 3.40).
3.5 Computer-controlled data-logger
In this thesis, all measurements were computer-controlled. 
For this purpose, a number of electronic instruments 
available in the laboratory were assembled. These 
instruments are briefly described in this section.
Twelve normal stress transducers and twelve shear stress 
transducers were connected together to a 24-channel 
multiplexer (CIL DTR-1680), which was linked to a 
computer-controlled data-logger (CIL PCI-1281). In
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addition, two displacement transducers, two pressure 
transducers (for measuring air pressure in the Bellofram 
actuators), and another pressure transducer (for measuring 
surcharge air pressure) were connected together to a 
second computer-controlled data-logger (CIL SGA 1100). 
Finally, the force transducer was connected to an 
intelligent multimeter (Thurlby 1905a), also computer- 
controlled. Fig. 3.41 outlines this lay-out.
A desk-top computer was used to control these instruments 
(Hewlett Packard HP-86). Both the CIL PCI-1281 and the 
CIL SGA-1100 data-loggers had IEEE-488 parallel interfaces 
built-in, but the Thurlby 1905a multimeter required the 
connection of an external interface (Thurlby IEEE-488 
converter 19-GP). A similar interface was fitted to the 
computer (Hewlett Packard HP-IB).
During operation, the multimeter and each channel of the 
CIL SGA-1100 data-logger were, addressed separately by the 
computer. Due to the large number of channels, this mode 
of operation would be too slow for the CIL PCI-1281 data­
logger. Fortunately, a fast mode was available in this 
data-logger. Once triggered by the computer, readings 
were taken by the data-logger at a fast rate, and stored 
into an internal buffer, being transferred later to the 
computer.
All displacement transducers and pressure transducers were 
of a ful1-bridge type. These transducers were powered by 
the CIL SGA-1100 data-logger directly. Despite not being 
of a full-bridge type, normal stress transducers and shear 
stress transducers could also have been powered by the CIL 
PCI-1281 data-logger directly. However, power would be 
supplied intermittently by this data-logger, only at the 
moment of readings. When these transducers were
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calibrated, electrical power was instead supplied 
continually. For consistency, an external power supply 
(WEIR 4000) was then connected to these transducers, and 
also to the force transducer, delivering electrical power 
continually.
The computer was programmed to perform continuous scanning 
of all instruments, and to display data on the screen.
When actual measurements were taken, data were stored on 
disc for future processing. An external disc-drive was 
used for this purpose (Hewlett Packard 9121).
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Table 3.1 Calibration of a Hall effect boundary normal stress
transducer with nominal thickness of diaphragm equal to 
0.7 mm, using a Rowe-type hydraulic consolidation cell
Test Soil Type Yd
(kN/m3)
e Pr
(kPa)
CAF
R1
loose fine 
Leighton Buzzard 
sand
13.77 0.924 0.27
0-50
0-250
40-250*
0.95
0.92
0.91
R2
loose fine 
Leighton Buzzard 
sand
13.81 0.919 0.28
0-50
0-250
40-250*
0.94
0.90
0.90
R3
medium dense fine 
Leighton Buzzard 
sand
14.82 0.788 0.56
0-50
0-250
0.94
0.83
R4
medium dense fine 
Leighton Buzzard 
sand
14.89 0.779 0.58
0-50
0-250
0.95
0.84
R5
dense fine 
Leighton Buzzard 
sand
15.95 0.662 0.82
0-50
0-250
50-250b
0.90
0.79
0.76
R6
dense fine 
Leighton Buzzard 
sand
15.94 0.662 0.82
0-50
0-250
50-250*
0.89
0.79
0.76
R7
loose coarse 
Leighton Buzzard 
sand
15.37 0.724 0.22
0-50
0-250
0.90
0.82
R8
loose coarse 
Leighton Buzzard 15.37 0.724 0.22 0-250
0.92
0.81
sand
medium dense coarse 0-50 0.86
R9 Leighton Buzzard 16.12 0.644 0.49 0-250 0.72
sand 50-250° 0.69
Table 3.1 Calibration of a Hall effect boundary normal stress
transducer with nominal thickness of diaphragm equal to 
0.7 mm, using a Rcwe-type hydraulic consolidation cell 
(cont.)
Test Soil Type Yd
(kN/m3)
e br Ov
(kPa)
CAF
RIO
medium dense coarse 
Leighton Buzzard 
sand
16.06 0.650 0.47
0-50
0-250
40-250°
0.85
0.70
0.66
Rll
dense coarse 
Leighton Buzzard 
sand
17.19 0.541 0.83
0-50
0-250
70-250d
0.74
0.58
0.54
R12
dense coarse 
Leighton Buzzard 
sand
17.12 0.548 0.81
0-50
0-250
70-250d
0.73
0.58
0.55
(a) assuming Dav = 35.3 MPa and (Dav R3)/(E^  t3) = 0.72 (see table 3.2)
(b) assuming Dav = 119.2 MPa and (D^ R3)/^ t3) = 2.42 (see table 3.2)
(c) assuming Dav = 152.3 MPa and (Dav R3)/(E^  t3) = 3.09 (see table 3.2)
(d) assuming Dav = 336.3 MPa and (D^ R3)/^ t3) = 6.83 (see table 3.2)
note: effective diaphragm thickness: t = 0.74 mm
diaphragm radius: R = 12 mm 
= 2.1 x 10s MPa
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(a)
79 mm
diaphragm
/ S3z
7"*
- LA
— i7--T ”Xv . v \ v-4 \
electrode air inlet
(t>)
groove diaphragm weld
air outlet air inlet
Fig. 3.1 Null displacement pneumatic boundary normal
stress transducer, (a) with electrodes (Rifaat, 
1935). (b) with control of air flow (Carder and 
Krawczyk, 1975)
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16 
mm
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zero controldiaphragm
back plateLVDT
Fig. 3.2 LVDT boundary normal stress transducer (Wilson 
and Pimley, 1972)
280 mm
vibrating wire 
diaphragm
/ y 7/ ~7 7■ v 7^ 7 /
U- ^  -7 V/V J 1 'j J 'y /  /  /  /  I I
post coil
Fig. 3.3 Vibrating wire normal stress transducer with the 
vibrating wire parallel to the diaphragm (Thomas 
and Ward, 1969)
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(a)
slot external diaphragm oil-filled cavity
strain gauge internal diaphragm
305 mm
(b)
oil-filled cavity diaphragm weld
pressure transducer
Fig. 3.4 Oil-filled strain-gauged boundary normal stress 
transducers, (a) with an instrumented internal 
diaphragm (W.E.S., 1944). (b) with strain-gauged 
pressure transducer (Carder and Krawczyk, 1975)
165
diaphragm
Fig. 3.5 Strain gauged normal stress transducer with
instrumented external diaphragm (Matthews and 
Richards, 1974)
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Fig. 3.6 Hall effect sensors, (a) single magnet head-on 
configuration of sensor and magnet.
(b) relationship between voltage output and gap
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0 42
relative displacement (mm)
.7 Hall effect sensors, (a) double magnet bi-polar 
slide-by configuration of sensor and magnets.
(b) relationship between voltage output and 
relative displacement between sensor and magnets
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Fig. 3
membrane
fixing pin
A
•P
c
Q)
Q)
O'
btoo>
adhesive
spring
magnets
PTFE separator
8 Hall effect displacement transducer for the 
local measurement of displacements of triaxial 
specimens (Clayton and Khatrush, 1986)
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diaphragm magnet outer ring
(a)
10 mm
steel strips
sensor back plate
diaphragm
}<---  0 24 m m--- ►[,
! outer ring 
i /v.;
(b)
I
back plate
sensor block magnets
outer ring diaphragm
rod
back plate blockmagnets sensor
Fig. 3.9 Hall effect boundary normal stress transducers 
(a) first prototype, (b) improved prototype, 
(c) final version
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25 
mm
0 100 mm
boundary normal 
stress transducer
ring separator0-ring nut
Fig. 3.10 Pedestal for the triaxial cell, modified for 
holding the boundary normal stress transducer 
during calibration
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pressure decreasing
0 8040
applied pressure (kPa)
Fig. 3.11 Calibration curve for the first prototype of
the boundary normal stress transducer, shown in 
fig. 3.9(a)
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magnets
sensor
Fig. 3.12 Tandem double magnet bi-polar slide-by
configuration of sensor and magnets, for use in 
stress or force transducers
173
li
ne
ar
 
re
gr
es
si
on
 
er
ro
r 
(k
Pa
) 
vo
lt
ag
e 
ou
tp
ut
 
(m
V)
200
100
(b)
200100
-0.5
applied pressure (kPa)
Fig. 3.13 Calibration of the improved prototype of the 
boundary normal stress transducer, shown in 
fig. 3.9(b). (a) calibration curve, (b) linear 
regression errors
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Fig. 3.14 Temperature sensitivity of the improved 
prototype of the boundary normal stress 
transducer, shown in fig. 3.9(b)
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Fig. 3.15 Calibration of the final prototype of the
boundary normal stress transducer, shown in 
fig. 3.9(c). (a) calibration curve, (b) linear 
regression errors
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outer ring gap block sensor
block
beam10 mm
magnets
Fig. 3.16 Hall effect boundary shear stress transducer
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200
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(b)
• 1st run, after pre-cycling 
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200
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rH
Fig. 3.17 Boundary shear stress transducer.
(a) calibration curve, (b) linear regression 
errors
rod end
beam
block
block
studsensor
25 mm
(a)
(b)
magnet
Fig. 3.18 Hall effect force transducer, (a) side view,
(b) plan view
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u 800400- 1.0
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Fig. 3.19 Calibration of the force transducer.
(a) calibration curve, (b) linear regression 
errors
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Fig. 3.23 Influence of stress path on the cell action
factor of a normal stress transducer embedded 
in loose sand (after Dunn and Billam, 1966)
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Fig. 3.26 Preliminary calibration tests in a triaxial 
cell, using fine sand (diaphragm thickness 
0.4 mm).
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Fig. 3.28 Influence of friction between soil and pedestal 
on the distribution of normal stresses at the 
base of a triaxial specimen, (a) rough 
pedestal, (b) lubricated pedestal (Kirkpatrick, 
Seals and Newman, 1974).
189
\
sc
o
o
CM
o
oH
T3 J-i 
0 0 H 0 *  P 
•H 0  •H U•H TS <W W
r-l (0
•H P 
0  -P
NO.
-P C
(0 TJ
Ooo
o
oC4
o
o
(d
-p W 3
w o 
<D A  
P  -P 
-P -H w 5 cd
rH ^ . C
cd cd -P 
E —"H 
p 5 0 •
C JG ~
•P .Q >-* cd —' • 
P  &(d • in 
TS W rHc w id cn 
3  <D -P H  
O  P  w 
.Q -P O  -
cn tj x
4-1 O >1
o o a n
•H O W aT3 5o o c a p (d
>iP>
•P O  |H W 'H 'O 
H O Cw id
c(d
cd
p
«
c P
O O 
4-1 0> O TJ 
4-1 C S .P  •H -H 4-> Cd 
-O ^ (1)0 O —
U-J i— I
O H  Q) 0)
o c cw 4-i cd cd 
-p p p W >i^ 3 .Q 
fll-Qfig 
■P 0 (D  
-EE 
(/}
P  *0 *0 o o o 
U -P -P C cd cd 
P  TJ 0  0  .Q W -H -H 
•H C P P rH Cd fQ jQ 
(8 P  3  d  U +J H H
C\CM
OIN o«H CO
(Bd^) sssj^s letoou pajmsaaji O'•H
fp
190
sa
nd
 
ru
bb
er
 
me
mb
ra
ne
 
co
ve
r 
pl
at
e
rH
.H 0) 
(0 U
>1 C 
X * H
o wa 0)
U  73
191
Fi
g.
 
3.
30
 
Ca
li
br
at
io
n 
of
 
th
e 
bo
un
da
ry
 
no
rm
al
 
st
re
ss
 
tr
an
sd
uc
er
 
in 
th
e 
Ro
we
 
ce
ll
 
- 
ex
pe
ri
me
nt
al
 
se
t-
up
.
tr
an
sd
uc
er
 
ou
tp
ut
 
(m
V)
fluid
calibration
• fine sand 
O coarse sand
diaphragm thickness 0.7 mm
200
. or
cr
100
2R = 1/2,000
200100
applied normal stress (kPa)
Fig. 3.31 Calibration tests of a Hall effect boundary 
normal stress transducer in a Rowe cell - 
typical results.
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Fig. 3.32 Calibration tests of a Hall effect boundary
normal stress transducer in the Rowe cell - all 
results.
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Fig. 3.33 Calibration tests in the Rowe cell -
comparison of results for coarse and fine sand.
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Fig. 3.34 Calibration of the boundary normal stress
transducer in the triaxial cell - experimental 
set-up.
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Fig. 3.35 Membrane compression with increasing axial
normal stress (Sarsby, Kalteziotis and Haddad, 
1980).
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Fig. 3.39 Hystogram of errors for the hyperbolic equation 
used to relate experimental values of cell 
action factor with flexibility ratio
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Plate 3.1 Photograph showing the boundary normal stress
transducer (left) and the boundary shear stress 
transducer (right)
Plate 3.2 Photograph showing the force transducer
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CHAPTER 4 - TEST EQUIPMENT
4.1 Plan for the experimental work - assumptions
Current design methods for free embedded cantilever walls 
in granular soil were reviewed in Chapter 2, together with 
available experimental data. Gaps in the state-of-the-art 
were identified by this review. An experimental programme 
was then devised, with the purpose of providing further 
experimental data for this type of wall.
For free embedded cantilever walls, the distribution of 
passive normal stress below the excavation level is 
thought to be complex, as is the corresponding 
distribution of passive shear stress. Their study was 
thought to deserve priority, because scant data were 
available, as demonstrated in Section 2.4. The 
distribution of active normal stress above the excavation 
level is, in contrast, believed to be simpler, as is the 
corresponding distribution of active shear stress. Both 
distributions can be assumed to be linear with depth, as 
also indicated in Section 2.4. This assumption simplified 
the model testing.
Following this assumption, the entire free embedded 
cantilever wall no longer needed to be modelled. Only the 
part of wall below the excavation level appeared to 
require modelling. The part of the wall above the 
excavation level could then be discarded, but its effect 
had to be considered. In this thesis, forces were applied 
to a model of the embedded length of the wall to simulate 
the active forces above excavation level. For example, 
the resultant of active normal stress above the excavation 
level was simulated by an equivalent horizontal force (Fh)
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applied to the wall. The resultant of active shear stress 
above the excavation level was simulated by an equivalent 
vertical force (Fv) applied to the wall. In addition, the 
vertical normal stress applied on the excavation level by 
the retained soil was simulated by an equivalent uniform 
surcharge (av). The linear distribution of active normal 
stress was also simulated; the equivalent horizontal force 
was applied to the model wall at a height above the sand 
surface equal to one-third of the height of retained soil 
being simulated (Fig. 4.1). The latter was denominated 
"equivalent height of retained soil" (heq).
For each experiment, the model wall was loaded in stages. 
Particular values of horizontal force, vertical force, 
surcharge pressure and height of horizontal force above 
the sand surface were used in each stage (the loading 
sequence is detailed in Chapter 5). By comparison with 
the real distribution of stresses on and around the wall, 
the application of this system of forces was to some 
extent a simplification. For example, horizontal shear 
stresses at the excavation level due to the retained soil 
were not simulated, bearing in mind that both the 
magnitude and distribution of such stresses were not 
known. Nevertheless, the objective was not to model every 
aspect of wall behaviour. Instead, the main purpose was 
to observe how both the wall and the soil below the 
excavation level would react when subjected to this 
approximate system of forces. By so doing, conclusions 
should be drawn which could help to predict how a real 
wall would react when facing real applied stresses.
For example, observed depths of embedment to failure could 
be compared with corresponding values from previous 
experiments, which were described in Section 2.4. Passive 
normal stresses could be measured, and compared with
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predictions made by current design methods. At each stage 
of a test, once the distribution of normal stress was 
known, the corresponding distribution of bending moment 
could be evaluated, and then compared with design methods. 
Passive shear stresses could also be measured, thus 
helping to balance previous conflicting interpretations, 
which were described in Section 2.4. Finally, wall 
displacements could also be measured, despite being 
ignored by most design methods currently in use.
These model tests were organized so that the maximum 
amount of useful information could be obtained with the 
smallest number of tests. Two densities of sand were 
used, one loose and another dense. Some tests were 
performed with the wall coated with sand, to simulate a 
very rough wall surface. The wall was uncoated in other 
tests, being simply rubbed with sandpaper, in order to 
simulate a smoother surface. Some tests were performed by 
assuming one particular value for the ratio between 
vertical and horizontal active forces applied to the wall. 
Conversely, no vertical active force was applied in other 
tests. More details are given in Section 5.1.
4.2 Small-scale model wall testing equipment
4.2.1 Review of design requirements for small-scale 
model wall equipment
The mode of deformation of a free embedded cantilever wail 
is ideally of plane strain. However, a model testing 
facility cannot reproduce plane strain exactly. Each side 
panel of a test tank is neither perfectly rigid, nor 
perfectly smooth. When the soil inside the tank is 
stressed, the side panel moves outwards, and there is
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mobilization of shear stress between the soil and the 
panel. The assumption of plane strain is therefore 
violated.
In practice, the assumption of plane strain can only be 
approximated. Arthur and Roscoe (1965) performed 
experiments with a model wall in a glass sided tank. In 
these experiments, the thickness of each glass panel was 
varied from test to test. The thicker the glass panel, 
the higher was the passive force in the model wall, which 
was made to rotate about its top. The difference in 
passive force was attributed to changes in the 
intermediate principal normal stress (i.e. the normal 
stress acting on each side panel) resulting from the 
outwards movement of this panel. The thicker the side 
panel, the smaller was this outwards movement. 
Consequently, Arthur and Roscoe (1965) recommended that 
test tanks should be built with side panels as rigid as 
possible.
Arthur and Roscoe (1965) recommended that side panels 
should be made of glass, because of the small coefficient 
of friction with dry sand. In their experiments, a 
relatively narrow tank was used. The strain field in the 
middle of this tank, which was measured by using lead shot 
and x-rays, was compared with the strain field at one 
glass panel, which was measured with markers. The 
difference was negligible. Arthur and Roscoe (1965) then 
concluded that the corresponding difference in stress 
field should also be negligible. As a result, the 
influence of shear stress between the soil and each glass 
panel was not considered to be important.
Subsequently, a different opinion was expressed by Rowe 
(1971). By re-evaluating Arthur and Roscoe's results,
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Rowe (1971) suggested that, in their experiments, the 
influence of shear stress between the soil and each side 
panel could have been uniformly spread through the whole 
tank width. Passive normal stresses on the model wall 
could then have been larger, even at the centre of the 
wall, in comparison with hypothetical experiments in a 
tank with perfectly smooth side panels. Rowe (1971) 
proposed a few rules for minimizing the influence of shear 
stress between the soil and each side panel, based on 
experimental evidence available at that time. According 
to Rowe (1971), the ratio between the width and the height 
of the model wall should be not less than 4, lubricated 
membranes should be interposed between the soil and each 
side panel, and an articulated model wall should be used, 
so that the passive force could be measured independently 
on the middle third of the wall. By using analytical 
methods, Bransby and Smith (1975) reached similar 
conclusions. In addition, Bransby and Smith (1975) 
considered that this effect should be considerably more 
pronounced in footing model testing than in passive model 
wall testing.
More recently, a less pessimistic picture has emerged. 
Ticof (1978) performed experiments with model footings in 
granular soil, by using both a narrow and a wide glass­
sided tank. The vertical force was measured on the 
middle-third of each footing. According to Ticof (1978), 
the strain field in the soil was virtually identical when 
using the narrow or the wide tank. However, the most 
interesting result was that the corresponding vertical 
force per unit width of footing was also virtually 
identical when using either the narrow or the wide tank. 
These results therefore did not agree with the behaviour 
predicted by both Rowe (1971) and Bransby and Smith 
(1975). The expected behaviour should be a smaller
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vertical force per unit width of footing for the wide 
tank, because in this case the effect of shear stress 
between the soil and each glass panel should have been 
spread over a larger area. Ticof (1978) then concluded 
that shear stresses between soil and side panels of the 
tank were either very localized, or relatively small.
In this thesis, the wider the tank, similarly the less 
important should be this effect. However, it was 
convenient to keep the volume of soil which should be 
handled during specimen preparation as small as possible. 
Bearing in mind that the literature appeared to disagree 
about the minimum acceptable width/height ratio for the 
model wall, a compromise solution was adopted. A 
width/height ratio approximately equal to 1 was selected. 
This value was intermediate between the minimum value 
mentioned in the literature, which was about 0.45 (Bransby 
and Milligan, 1975), and the maximum, which was about 4 
(Rowe and Peaker, 1965). No attempt was made to interpose 
lubricated membranes between the soil and each glass side 
panel since, depending on the particle size, membrane 
penetration could affect the intermediate principal normal 
stress, as demonstrated for K0 triaxial compression tests 
in Section 3.3.3.3.
Another requirement was an adequate ratio between the 
distance to the rigid boundary in front of the wall and 
the wall height. This value should be as large as 
possible, so that passive rupture surfaces may develop in
front of the wall without interference from the end of the
tank. James and Bransby (1970) performed experiments with 
a model wall in very dense sand, with the wall rotating 
about the base in a passive mode. Contours of cumulative
shear strain were plotted at several angles of rotation of
this wall. Cumulative shear strains were always small at
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points more distant from the wall than about 1.7 times its 
height, even at large angles of rotation. As a result, 
for the experiments with small-scale models of free 
embedded cantilever walls, the ratio between the length of 
sand in front of the wall and its height was adopted as 
approximately equal to 2. Another precaution was to leave 
a layer of sand below the bottom of the model wall, to 
avoid friction with the floor of the tank (Fig. 4.1).
4.2.2 Basic features of the test tank
In this thesis, all experiments were performed in a glass­
sided tank 1.22 m long and 0.33 m wide. This tank was 
0.55 m deep, but the depth of sand was 0.47 m, so that the 
surface of the sand could be seen through each glass side 
panel (Figs. 4.2 and 4.3). The structure of the tank was 
built by bolting together structural steel sections, such 
as channels and angles.
The floor of the tank consisted of two robust channels 
(depth 152 mm, flange width 76 mm), aligned side by side. 
These channels were bolted to each other through adjacent 
flanges (Fig. 4.4(b)). Each end of the tank consisted of 
two channels, of the same type used in the floor, which 
were also bolted to each other through adjacent flanges 
(Fig. 4.4(a)). End plates had previously been welded to 
all these channels. Each end of the tank was then 
connected to the floor by means of a common angle, which 
was bolted to adjacent end plates (Fig. 4.5).
Each glass panel was supported by a rigid steel frame 
(Figs. 4.4(a) and 4.5). This frame consisted of two 
vertical members and two horizontal members. Both 
vertical members were robust equal angles (flange width
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152 mm, thickness 12.7 mm). The horizontal member at the 
base was a channel, of the same type used in the floor of 
the tank. The horizontal member at the top was another 
channel, but narrower than the one at the base (depth 127 
mm). End plates had previously been welded to these 
channels. Assembly of the steel frame consisted of 
bolting horizontal members to vertical members through end 
plates. Subsequently, the horizontal member at the base 
of the steel frame was bolted to the floor of the tank 
through adjacent flanges. Similarly, each vertical member 
of the steel frame was bolted to one end of the tank 
through adjacent flanges (Fig. 4.5).
The glass panel was 1.25 m long, 0.53 m high, and 16 mm 
thick. This panel needed to be supported, both vertically 
and laterally (Figs 4.2 and 4.4(b)). Vertical support was 
provided by the horizontal member at the base of the steel 
frame. Small equal angles (flange width 25 mm) were 
bolted to this member and also to each vertical member of 
the frame. Lateral support was then provided for both the 
lower edge and the each side edge of the glass panel. The 
horizontal member at the top of the frame was narrower 
than the one at the base (flange width 63 mm). Its inner 
flange provided lateral support for the upper edge of the 
glass panel. Three inner vertical members (depth 100 mm, 
flange width 50 mm) were added to the steel frame, so that 
the glass panel could be laterally supported at the 
centre.
Before assembling the glass panel, epoxy resin was applied 
on all steel surfaces in contact with this panel. Stress 
concentrations on the glass panel were thus reduced, by 
filling any gap between the glass and the frame with 
resin. Consequently, the risk of cracking the glass panel 
during each test was also believed to have been minimized.
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Assembly consisted of gently pressing the glass panel 
against the layer of resin, squeezing out any excess.
While the resin cured, the wall was kept in place by means 
of rectangular steel bars, 16 mm wide and 10 mm thick.
One bar was bolted to each vertical member of the frame, 
and a third bar was bolted to the horizontal member at the 
base of the frame. In addition, another rectangular steel 
bar, 40 mm wide and 16 mm thick, was bolted to the 
horizontal member at the top of the frame, immediately 
above the glass wall (Figs. 4.4(b) and 4.5). By so doing, 
the glass panel was protected from chipping when the model 
wall was handled inside the tank.
Wood planks, 16 mm thick, were bolted to the floor and 
also to the ends of the tank (Figs. 4.4(a) and 4.5).
Epoxy resin was applied under these planks, with the 
purpose of filling any gap. A thin layer of resin was 
subsequently applied over the woodwork, and coarse sand 
was sprinkled over its surface. The purpose was to 
achieve a uniformly rough surface, which would be the 
boundary of the soil mass.
Once assembled, the test tank was placed over steel beams, 
leaving a gap of about 0.30 m between the tank and the 
floor. This gap was required, so that the equipment for 
application of vertical forces to the wall could be fixed 
to the floor. The test tank is shown in Plate 4.1.
4.2.3 Basic features of the model wall
In this thesis, all experiments were performed with a 
small-scale model wall 0.43 m high, 0.33 m wide and 40 mm 
thick (Fig. 4.6). The wall consisted of an assembly of 
steel plates, with a cavity at the centre to accommodate
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transducers (Fig. 4.7). In this wall, each transducer was 
bonded to an outer plate. Twelve holes were cut in each 
plate, distributed at six levels. The diameter of each 
hole was 36.5 mm, and the thickness of the plate was 2 mm. 
The diameter of the step on the face of each transducer 
was about 0.5 mm smaller than the diameter of the hole in 
the plate, thus providing an easy fit, together with 
enough room for a layer of adhesive. The depth of this 
step was slightly larger than the thickness of the plate, 
thus providing room for another layer of adhesive. Once 
the transducer was assembled, its face was flush with the 
outer plate.
Both outer plates were weak. As a result, an inner steel 
plate was bonded to the underside of each outer plate, 
acting as a stiffener (Fig. 4.7). Twelve holes were cut 
in the inner plate, matching those in the outer plate.
The diameter of each hole in the inner plate was 42 mm, 
and the thickness of the plate was 9.5 mm. In contrast, 
the diameter of the outer ring of the transducer was 38.5 
mm, and the exposed thickness was not larger than 13 mm, 
depending on the type of transducer. Once assembled, the 
transducer was therefore almost completely enclosed by the 
inner plate. The space between the transducer and this 
plate was then filled with adhesive, in order to minimize 
the effects of local distortion of the outer plate on the 
transducer, when the model wall was loaded. The width of 
each inner plate was 0.31 m. Once the wall was assembled, 
a space was thus left at each side of the wall between the 
pair of outer plates, so that a layer of foam spacers 
could be accommodated.
The model wall was closed by sandwiching steel bars 
between the pair of inner plates (Fig. 4.7). A strong 
upper bar was used, being 0.33 m long, 85 mm wide and 16
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mm thick. External loading was applied to this bar by- 
means of two vertical arms protruding from its top (Fig. 
4.7). The loading was transferred to the pair of inner 
plates by means of large areas of adhesive which joined 
the upper bar to these plates. Two vertical holes were 
drilled in the upper bar, one near each side, to act as 
outlets for transducer cabling. Both side bars, together 
with the lower bar, were 12 mm wide and 16 mm thick, and 
were also held to the pair of inner plates by means of 
layers of adhesive. Three vertical bars, also 12 mm wide 
and 16 mm thick, were placed inside the wall cavity, 
parallel to the side bars. These additional bars were 
bonded to the pair of inner plates, thus acting as 
longitudinal stiffeners. In addition, the cavity was 
criss-crossed by small segments of the same type of bar, 
placed in the vicinity of each transducer. These segments 
were also bonded to the pair of inner plates, thus acting 
as transverse stiffeners.
In order to minimize friction between the model wall and 
each glass panel, each side of the wall was lined with a 
PTFE strip. Before assembly, this strip was bonded to a 
perspex bar, to improve its rigidity. This bar was bonded 
to a layer of foam previously inserted between the outer 
plates of the wall. The purpose of this layer of foam was 
to act as a spring, pressing the PTFE strip gently against 
the glass wall. However, since particles of fine sand 
might eventually become trapped during each test between 
the PTFE strip and the glass wall, the layer of foam could 
compress sufficiently to accommodate such particles, with 
no significant increase in friction with the glass wall. 
The model wall is shown in Plate 4.2.
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4.2.4 Loading equipment
During each experiment, the behaviour of the embedded part 
of a free embedded cantilever wall was modelled in an 
approximate way. At each loading stage, the model wall 
was simultaneously subjected to a horizontal force, a 
vertical force and a moment. In addition, the soil behind 
the wall was subjected to an uniform surcharge. The 
horizontal force, the vertical force and the surcharge 
were applied by using compressor air.
An air actuator was used for the application of horizontal 
forces. This actuator was bolted to a supporting plate, 
through a clevis-mounted bracket (Figs. 4.8 and 4.9(b)). 
The plate consisted of a steel channel, 460 mm long, 179 
mm deep, with flanges 76 mm wide. However, during each 
experiment, this plate needed to be repositioned several 
times, according to the loading stage. As the experiment 
progressed, the plate was moved upwards, thus simulating 
the increase in applied moment, but it was also moved 
slightly backwards, thus compensating for the horizontal 
displacement accumulated at the top of the model wall. As 
a result, the plate containing the actuator could not be 
fixed directly to the test tank. Instead, the plate was 
connected to four M-10 threaded rods, 300 mm long, so that 
the horizontal position of the actuator could be easily 
adjusted. These rods were then connected to a pair of 
vertical arms protruding from the tank (A, in Figs. 4.8 
and 4.9 (b)). Both arms were built from steel angles 560 
mm long, with flanges 76 mm wide. In these arms, a number 
of holes had been drilled at intervals of 55 mm, so that
the four threaded rods could be inserted. By using
different sets of holes, the vertical position of the air
actuator could be changed.
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The actuator was positioned at a distance of about 0.70 m 
from the model wall. A light horizontal frame was thus 
devised to span this distance. At one end, the horizontal 
frame was connected to the force transducer, which was 
itself connected to the ram of the air actuator. Rod ends 
(a type of ball-jointed connector) were used for these 
connections, thus avoiding the transmission of eccentric 
loads to the transducer. As the wall was expected not 
only to displace horizontally, but also to rotate about a 
point somewhere above the lower end, the connection 
between the horizontal frame and the wall could not be 
rigid. Rod ends were therefore used, allowing the frame 
to stay horizontal, while the wall rotated. Both rod ends 
were connected to a pair of vertical extension bars (B, in 
Figs. 4.8 and 4.9(a)), consisting of rectangular steel 
bars, 0.45 m high, 50 mm wide, and 6 mm thick. These 
extension bars were bolted to small plates, which were 
bolted to the pair of vertical arms protruding from the 
top of the model wall (C, in Fig. 4.8). These bars 
contained a number of holes, drilled at intervals of 55 
mm, which matched those in the vertical arms protuding at 
the end of the tank.
Another air actuator was used for application of vertical 
force (Figs. 4.8 and 4.9(a)). This actuator was placed 
below the tank, at mid-width. It was bolted to a short 
channel, through its clevis-mounting bracket. Once 
assembled, the actuator was left upside down, hanging from 
this bracket. The channel was not fixed to the floor of 
the tank, to avoid distortion. Instead, two vertical 
plates were bolted to its flanges. Another channel, but 
longer, was placed on the floor, immediately below the 
actuator. Both vertical plates were bolted to the flanges 
of this channel, thus forming a small frame (D, in Figs. 
4.8 and 4.9(a)), which supported the air actuator. This
216
channel was subsequently bolted to the floor of the 
laboratory, thus providing the reaction for the applied 
vertical force.
The vertical distance from the top of the model wall to 
the tip of the ram of the vertical actuator was about 1 m. 
A steel frame was built to span this distance (Fig. 
4.9(a)). This frame consisted of horizontal and vertical 
members. Both horizontal members consisted of long 
rectangular bars. The member at the top of the frame was 
bolted to the pair of vertical arms protruding from the 
model wall. The member at the bottom was connected to the 
ram of the actuator by means of a rod end. Both vertical 
members consisted of round bars. Horizontal and vertical 
members were connected with rod ends. Rigid connections 
were avoided so that eccentric loading could not be 
applied to the actuator.
The weight of the model wall was about 420 N, a value 
including the weight of the vertical frame. In addition, 
the weight of the horizontal frame was about 60 N, a value 
including both the weight of the force transducer and half 
the weight of the air actuator. As a result, a counter­
weight system had to be built. This system consisted of a 
three-dimensional frame, which was placed on top of the 
test tank (Fig. 4.10). The upper part of the frame (A, in 
Fig. 4.10) was roughly 0.80 m high, 0.60 m long, and 0.50 
m wide. It was assembled by connecting light steel 
angles. The lower part of the frame (B, in Fig. 4.10) 
consisted of a pair of angles, of the same type as the 
upper part. Each angle was permanently bolted to the 
horizontal channel at each side of the tank (C, in Fig. 
4.10). Before each test, the upper part of the frame was 
bolted to the lower part.
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The upper part of the frame was extended about 0.30 m to 
one side of the tank (D, in Fig. 4.10). This extension 
was stiffened by bracing. A steel cable ran through two 
pulleys, with the model wall being suspended from one end, 
and a weight hanger from the other end. One pulley was 
bolted to the lateral extension of the frame, above the 
weight hanger. The other pulley was placed at mid-width 
of the tank, above the model wall. Counter-weighing was 
achieved by placing 420 N on the hanger. However, the 
lateral displacement of the top of the model wall could be 
large, particularly when loose sand was tested. As a 
result, the pulley above the wall was not fixed to the 
frame. Instead, this pulley was bolted to a small 
trolley, which rested on two rails, placed on top of the 
frame (E, in Fig. 4.10). During each test, the trolley 
could translate parallel to the wall. By so doing, the 
steel cable could be kept vertically above the model wall, 
thus avoiding the application of an unwanted horizontal 
force. A similar counter-weight system was used for the 
horizontal frame.
A metal box was placed on top of the tank, behind the 
model wall (Fig. 4.11). This box was used for the 
application of surcharge. The lower side of the box was a 
latex membrane, and the upper side an aluminium plate 
(Fig. 4.11(a)). The membrane was clamped to steel angles, 
which were bolted to the inner side of the aluminium 
plate. When air pressure was applied inside the box, 
reaction was provided by a pair of channels, bolted to the 
outer side of the aluminium plate (Fig. 4.11(b)). Both 
channels were extended sideways, and were bolted to the 
lower horizontal member at each side of the tank, by means 
of threaded rods. The latex membrane was sealed with 
silicone rubber, together with the internal surface of the 
box. Near the edges, the membrane was folded inwards, to
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minimize expansion when air pressure was applied. A pair 
of pneumatic connectors were then bolted to the upper side 
of the box. One connector was used as an air inlet, while 
a pressure transducer was screwed to the other.
The air actuator used for applying horizontal force was of 
a double-acting rolling-diaphragm type, with an effective 
pressure area equal to 58.1 cm2 (Be11ofram D9FBP). This 
actuator was controlled by a precision air pressure 
regulator, with maximum pressure equal to 1000 kPa 
(Norgren 11-818-110). The applied pressure was measured 
with an electrical resistance strain-gauged pressure 
transducer, with maximum pressure equal to 1000 kPa (Bell 
& Howell 4-306-0119-03M0). The air actuator used for 
applying vertical force was of a single-acting rolling- 
diaphragm type, with effective pressure area equal to 25.8 
cm2 (Bellofram S4FBP). This actuator was controlled by the 
same type of air pressure regulator used for the 
horizontal force. The applied pressure was also measured 
with the same type of pressure transducer. On the other 
hand, surcharge pressures were expected to be smaller. 
Another type of precision air pressure regulator was then 
used, with a maximum pressure equal to 50 kPa (Norgren 11- 
818-999). Another type of pressure transducer was also 
used. The applied pressure was measured with a silicon- 
diaphragm piezoelectric transducer, with a maximum 
pressure equal to 100 kPa (Druck PDCR 810). For 
convenience, these instruments were assembled on wall 
panels, with the exception of the surcharge pressure 
transducer, which was fixed to the metal box.
Both the horizontal force and the vertical force were 
calculated by multiplying the measured air pressure by the 
effective area of the Bellofram air actuator. For the 
case of the horizontal force, the air actuator was of a
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double-acting type, and used in tension. The area of its 
ram had therefore to be discounted; it was equal to 2.9 
cm2. However, there was concern that the measurement of 
small horizontal force could be affected by the internal 
friction of this actuator, because its ram was lined with 
a tight rubber gasket. For this reason, a force 
transducer was inserted between the actuator and the 
horizontal frame. Nevertheless, the difference between 
the value of horizontal force calculated from the measured 
air pressure and the value measured by the force 
transducer was usually less than 10 N to 15 N. For the 
case of the vertical force, the Bellofram air-actuator was 
of a single-acting type. Its ram was not lined by any 
gasket capable of causing measurable friction. No force 
transducer was then thought to be necessary, as the 
internal friction of the actuator was expected to be 
insignificant.
4.3 Specimen preparation equipment
4.3.1 Review of methods of specimen preparation for 
model wall tests
Methods of specimen preparation for model wall testing 
must produce specimens with an acceptably uniform density. 
Most methods currently in use do not control the density
of the specimen directly, nor its uniformity. The type of
control is instead indirect, by closely supervising the 
deposition environment. These methods can be classified 
in three groups,
(a) methods raining sand over the whole specimen;
(b) methods raining sand in the shape of a curtain;
(c) methods raining sand in the shape of a column;
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Method (a) consisted of generating jets of sand with 
perforated plates, placed at the bottom of the hopper. 
These jets should be dispersed with sieves interposed 
between the hopper and the container. Two fundamental 
observations were made for this method by Kolbuszewski 
(1948), and also by Kolbuszewski and Jones (1961). One 
observation was that the larger the intensity of flow of 
sand, then the smaller should be the resulting density.
The other observation was that the larger the height of 
fall of sand particles, then the larger should be the 
density, provided a certain value, denominated the 
terminal height of fall, was not surpassed. If the 
terminal height of fall was surpassed, then no further 
increase of density would occur. Method (a) has often 
been used for the preparation of specimens for laboratory 
shear strength testing (Roscoe, 1967? Stroud, 1971; Miura 
and Toki, 1983? Rad and Tumay, 1985), for large 
calibration chamber testing (Jacobsen, 1976), for 
centrifuge testing (Taylor, Meyer and Fragaszy, 1988), and 
also for model wall testing (Roscoe, 1970).
In method (b), a number of techniques have been used for 
generating a curtain of sand, and for moving this curtain 
along the length of the container. Christensen (1961) and 
Rowe (1971) used a hopper with a slot at the bottom, 
through which the sand could fall. The wider the slot, 
then the larger was the intensity of flow of sand, and 
therefore the smaller was the density. In addition, the 
higher the hopper was situated in relation to the sand 
surface, then the larger was the density. Walker and 
Whitaker (1967) developed a hopper where the curtain of 
sand was generated by a revolving drum situated 
immediately behind the sand outlet. This drum threw the 
sand against a plate, which deflect it towards the 
vertical direction, thus forming the curtain. The faster
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was the rotation of the drum, then the larger was the 
initial velocity of sand particles. As a result, the 
larger was the density. Butterfield and Andrawes (1970) 
developed another hopper where the sand was traversed, and 
therefore disturbed, by an upwards flow of air. The 
disturbed sand could escape from the hopper through a slot 
in the front panel, thus forming the curtain. The larger 
the air pressure in this hopper, then the larger was the 
intensity of flow of sand and, as a result, the smaller 
was the density. All these hoppers were connected to 
driving mechanisms, which could move them back and forth 
along the length of the tank at constant speed.
Method (c) has been less used. In this method, a storage 
bin with sand was placed above the specimen. A flexible 
hose was connected to this bin, and a perforated plate was 
placed at the other end of this hose. The hose was then 
moved by hand along the whole surface of the specimen, 
while the sand flowed through the perforated plate. This 
method was favourably described by Bieganousky and 
Marcuson (1976). It has since been applied for the 
preparation of specimens dense sand for direct shear 
testing (Jewell, 1980; Palmeira, 1987).
Method (b) was selected for this thesis. According to 
Butterfield and Andrawes (1970), the air-activated hopper 
provided an extremely simple, accurate and maintenance- 
free method for depositing sand at uniform density. In 
addition, virtually all densities between the maximum and 
the minimum could be reproduced for any sand. This method 
seemed attractive for this thesis, particularly because 
there would be no need for raising the hopper during 
deposition in order to keep the height of fall constant. 
This effect could be simulated by changing the air
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pressure in the hopper. In so doing, complex mechanical 
arrangements could be avoided.
4.3.2 Basic features of the sand hopper
For these experiments, each specimen was prepared by- 
pouring a curtain of sand, which was moved back and forth 
along the length of the tank. The sand was discharged 
from a hopper (Fig. 4.12), which was air-activated, as 
proposed by Butterfield and Andrawes (1970).
In this thesis, the hopper consisted of a box divided in 
three chambers (Fig. 4.13(b)). The upper chamber was a 
sand reservoir, which was open to the atmosphere. The 
lower chamber was an air reservoir, which was pressurized. 
This chamber was airtight, except for a narrow outlet to 
the upper chamber. The side chamber enclosed the driving 
mechanism of the hopper, which was built-in. The same 
lay-out was proposed Butterfield and Andrawes (1970). 
However, a side chamber was not included, as their driving 
mechanism was not built-in. Instead, their driving 
mechanism was built outside, fixed on top of the test 
tank.
In this thesis, the upper chamber of the hopper was 
separated from the other chambers by means of an inclined 
panel (A, in Fig. 4.13(b)). The lower end of this panel 
consisted of a sieve, which was the air outlet from the 
lower chamber to the upper chamber. The sand outlet was 
situated on a vertical panel, at the front of the upper 
chamber, immediately above this sieve (B, in Fig. 4.13). 
Each panel consisted of an aluminium plate, 3-mm thick.
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The lower chamber was separated from the side chamber by- 
means of a vertical panel, containing three air inlets to 
the lower chamber (C, in Fig. 4.13). One inlet was 
situated at the centre of the panel, and another at each 
side. In addition, a vertical plate was inserted in this 
chamber, extending from side to side (D, in Fig. 4.13). 
This plate was situated in front of the air inlets, thus 
improving the uniformity of the air pressure.
The driving mechanism consisted of a stepper motor (RS 
332-082), a gearbox (S.H. MUFFET T3), and two wheels (Fig. 
4.12(b)). The motor was placed in the side chamber, 
bolted to the panel which separated this chamber from the 
lower chamber (C, in-Fig..4.13(b)). In addition, a 
bracket was bolted to this panel, and also to another 
panel at the back of the side chamber. The gearbox was 
bolted to this bracket (E, in Fig. 4.13(b)). The shaft of 
the stepper motor and the input shaft of this gearbox were 
connected by a shaft coupler. In this gearbox, an output 
shaft protruded from each side. Each shaft was then 
connected by an axle to one of the rear wheels of the 
hopper. The axle was separated from the body of the 
hopper by a ball race. Similarly, a ball race was 
inserted between the body of the hopper and each front 
wheel. The air-activated hopper is shown in Plate 4.3.
The hopper travelled on a pair of rails (Fig. 4.13(a)). 
Both rails consisted of bright steel angles, with flanges 
50 mm wide, separated by round steel bars. These bars 
were bolted to the pair of rails, for stability. The 
assembly then rested on top of the test tank. The hopper 
had both front and rear wheels flanged, to ensure a safe 
operation. These wheels were covered with rubber strips, 
to damp any vibration. The hopper also had ball races at 
all corners, with vertical axes. A small clearance (about
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1 mm) was left between each race and the nearest rail. 
During operation, these races were expected to guide the 
hopper, in case it deviated from its path.
The movement of the hopper was controlled remotely. The 
stepper motor was wired to a drive board (RS 332-098), 
which was used to switch the motor on and off, and also to 
control both its speed and direction of movement. This 
board allowed the stepper motor to be switched between its 
half and full step modes, which was useful for extending 
the range of speeds available to this hopper. The hopper 
speed could be changed by connecting resistors to the 
drive board. A thumbwheel edge switch containing 
resistors was bolted to the drive case. By switching 
between different resistors, the hopper speed could be 
controlled. Speeds were available between 400 mm/min to 
900 mm/min, in intervals of 100 mm/min. In addition, by 
selecting the half speed mode, each one of these speeds 
could be halved.
For each type of sand, and also for each aperture of the 
sand outlet, the intensity of flow of sand depended on the 
air pressure in the lower chamber of the hopper. The 
larger was this air pressure, then the larger was the 
intensity of flow. During specimen preparation, the air 
pressure in the lower chamber of this hopper was measured 
by a transducer, and was controlled by an air pressure 
regulator. However, its value was typically very small.
As a result, it was convenient to use the same instruments 
during specimen preparation which were also used to 
control the surcharge air pressure during each experiment. 
The pressure transducer was thus removed from the 
surcharge container, and connected directly to the air 
pressure regulator, which was bolted to a wall panel. In 
addition, the air inlet to the container was switched off,
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and the air inlet to the hopper switched on, by using a 
system of valves in this panel. Once the specimen was 
finished, these instruments were re-connected to the 
surcharge container.
In contrast, Butterfield and Andrawes (1970) measured air 
pressure by connecting a water manometer directly to the 
lower chamber of the hopper. This lay-out was then 
important, as air pressure was progressively reduced in 
the course of specimen preparation. The objective of this 
reduction of air pressure was to compensate for the 
simultaneous reduction in height of fall as the specimen 
preparation progressed. The density of sand could then be 
kept constant, according to Butterfield and Andrawes 
(1970). However, in this thesis, the same effect was 
achieved by changing the hopper speed, as described in 
Section 4.3.5.
In this thesis, a fixed air pressure was used throughout 
the specimen preparation, its value depending on the 
required density (these values are given in Section 
5.3.1). The reduction in height of fall was compensated 
by simultaneously increasing the hopper speed (values also 
given in Section 5.3.1). As a result, the detailed 
monitoring of air pressure in the lower chamber of the 
hopper was replaced in this thesis by a regular check on 
the intensity of flow of sand. The air pressure supplied 
to the hopper was still constantly monitored, but not 
inside the lower chamber. For convenience, the air 
pressure transducer was instead placed directly on the 
control panel, near to the air pressure regulator.
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4.3.3 Assessment of the uniformity of the sand bed by 
means of the resin impregnation technique
For each experiment, the upper chamber of the hopper was 
filled with fine sand. Before that, coarse sand was 
poured on the sieve at the bottom of this chamber, forming 
a layer about 15 mm thick. By doing so, fine sand was not 
lost through this sieve, and air could simultaneously flow 
upwards almost unrestricted. Once the hopper was 
completed, two preliminary specimens were prepared, but no 
model wall experiments were performed. The objective was 
to achieve familiarity with the operation of the 
equipment. In addition, the uniformity of density of sand 
needed to be assessed in detail.
For the first specimen, the sand outlet of the hopper was 
partially covered with a pair of aluminium plates, about 1 
mm thick (Fig. 4.12). Each plate was bonded with double­
sided adhesive tape to a rubber strip, about 3 mm thick, 
which was in turn bonded to the front panel of the hopper. 
A gap of about 2.4 mm was left between the pair of plates. 
The sand could not flow through this gap, unless air 
pressure was applied in the lower chamber of the hopper. 
During preparation of this specimen, the minimum air 
pressure consistent with continuous operation of the 
hopper was applied, which was about 1 kPa. If a smaller 
air pressure was attempted, the curtain of sand became 
unstable. Once formed, this curtain was dispersed with a 
sieve, which was fixed to the hopper. This sieve was 
situated 80 mm below the sand outlet, which was in turn 
situated 0.97 m above the bottom of the tank. A dense 
specimen was thus expected.
Before the first specimen was prepared, preliminary 
density tests were performed with the hopper, with the
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purpose of verifying the combined influence of both the 
height of fall and the distance to the ends of the tank on 
the density of the sand. For these preliminary tests, 
cylindrical pots with bevelled edges were placed inside 
the tank, grouped in pairs. Values of height of fall were 
selected as 0.97 m, 0.79 m, and 0.58 m, being measured 
from the sand outlet of the hopper. Corresponding values 
of distance from one end of the tank were one-quarter, 
one-half, and three-quarters the length of the tank. For 
each pot, several measurements of diameter and height were 
taken, and the volume was calculated from corresponding 
average values. The diameter of each pot was about 100 
mm, but the height varied between 60 mm and 130 mm. Once 
these pots were in place, the hopper was started, and a 
speed of 500 mm/min was chosen. The hopper was then moved 
back and forth above the tank, depositing sand until all 
pots were full. The surface of sand in each pot was 
levelled, the weight of sand was measured, and the 
corresponding dry unit weight was calculated. The average 
dry unit weight (vd) was 15.59 kN/m3, and the variation in 
dry unit weight was within ± 0.12 kN/m3. The dry unit 
weight was therefore very uniform. Table 4.1 outlines 
these results.
In these preliminary density tests, the height of fall 
appeared to have little influence on the density.
According to Rad and Tumay (1985), the density of a 
specimen formed by raining should be considered as a 
function of the velocity of sand particles immediately 
before being deposited. The larger this velocity, then 
the larger should be the density. Also according to Rad 
and Tumay (1985), individual particles leaving the hopper 
should reach a constant velocity (the terminal velocity) 
after falling a specific height (the terminal height of 
fall). In these preliminary tests, it seemed reasonable
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to assume that each particle of sand could have fallen 
from the hopper without interference from other particles, 
because the intensity of flow of sand was very small. The 
observed uniform density could then be explained; the 
minimum height of fall was probably larger than the 
terminal height of fall of a particle of fine sand in air. 
As a result, an increase in height of fall should not 
increase the density, as observed. From a practical point 
of view, this result was very useful, because it 
simplified the specimen preparation procedure. It meant 
that each specimen of dense fine sand could be produced 
with this hopper without changing either the air pressure 
inside the lower chamber, as suggested by Butterfield and 
Andrawes (1970), or the hopper speed, as suggested for 
loose fine sand in Section 4.3.5.
Before starting these preliminary density tests, a 
literature review was attempted about the influence of the 
distance from the ends of the tank on the density of the 
specimen. The information which could be gathered was 
scant, and conflicting. On the one hand, this influence 
was noticed as important when a moving curtain of sand was 
used to prepare a specimen inside a cylindrical tank, as 
described by Walker and Whitaker (1967). In this case, 
the curtain was shown to generate air currents, which 
flowed towards the ends of the tank, and were subsequently 
reflected back towards the centre of the curtain. When 
the curtain travel was about two-thirds completed, these 
reflected air currents became stronger, and the curtain 
was partially dispersed at the centre. As a result, the 
intensity of flow of sand was reduced at this location, 
and the sand became noticeably denser. On the other hand, 
no such effect was reported by Butterfield and Andrawes 
(1970).
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In this thesis, results from preliminary density tests 
seemed to agree with Butterfield and Andrawes (1970). 
According to Table 4.1, the density was little affected by 
the distance from the ends of the tank. However, one 
inconsistency was noticed in these tests, which could not 
be completely explained. During operation of the hopper, 
the curtain of sand generated air currents inside the 
tank. These air currents did not seem to disturb the 
curtain, provided the hopper was situated approximately in 
the middle of the tank. In this case, the surface of the 
curtain was approximately plane and continuous, indicating 
a laminar flow. Conversely, once the hopper was situated 
near to each end of the tank, the curtain became clearly 
disturbed by air currents. Its surface acquired complex 
and changeable shapes, reminiscent of turbulent flow.
This behaviour thus resembled closely that reported by 
Walker and Whitaker (1967). However, it was difficult to 
understand why the density was not accordingly affected.
A tentative explanation was then suggested for this 
inconsistency. According to this explanation, the 
intensity of flow of sand was small, while the sand was 
leaving the hopper outlet. Subsequently, this intensity 
of flow was made even smaller, once the curtain of sand 
reached the sieve which was fixed to the hopper. As a 
result, particles of sand in these tests were perhaps 
falling so apart from one another that further dispersion 
caused by air currents would have a relatively small 
effect on the density, as observed. This explanation was 
attractive, because it appeared to reconcile to some 
extent these density tests with previous tests. For 
example, Walker and Whitaker (1967) did not report the use 
of any sieve to disperse the curtain of sand before it 
reached the tank. Conversely, Butterfield and Andrawes 
(1970) placed a sieve just below the hopper whenever a 
specimen of dense sand was prepared.
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Encouraged by these preliminary density tests, the first 
specimen of dense sand was prepared, with the purpose of 
measuring its average density. However, a problem was 
detected with this specimen, once it began to build up.
As before, air currents seemed to disturb the curtain of 
sand. As a result, deposition was taking place at some 
locations inside the tank, but not at others, and the 
surface of the specimen was thus uneven. Its shape 
resembled to some extent a landscape of dunes and valleys. 
This shape was already well defined when the layer of sand 
in the tank was only about 100-mm thick. It progressed 
upwards essentially unaltered until the specimen was 
completed (Fig. 4.14).
However, there was reason for concern, bearing in mind 
previous experience with specimens prepared by a rain of 
sand over the whole surface. For this case, Jacobsen 
(1976) stated that, provided the rain was stable and 
uniform, a horizontal surface of sand should indicate 
uniform density. No precise criterion of acceptance was 
then proposed, but it was noticed that, for a specimen 
with the diameter equal to 0.8 m, the difference in level 
between the highest and the lowest points at the surface 
should not exceed about 50 mm or 100 mm. Unfortunately, 
no similar study appeared to have been performed for the 
case of specimens prepared with a moving curtain of sand. 
On the other hand, for the first specimen of dense sand, 
the difference in level between the highest and the lowest 
points at the surface was observed to exceed these 
approximate limits. There was therefore some doubt 
whether the as-built density of this specimen was really 
uniform, because preliminary density tests had suggested 
it should be, or non-uniform, as this approximate analogy 
with Jacobsen's work seemed to indicate. Consequently, 
after the specimen was completed, the density was measured
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at several locations by using the resin impregnation 
technique.
The idea of measuring density of sand by impregnation with 
resin was originally due to Griffin (1954). Moore (1985) 
perfected the technique. According to Moore (1985), a 
hyperdermic needle is inserted in the sand, until the 
sampling depth is reached. Resin is then dripped through 
the needle, which is retrieved afterwards (Fig. 4.15).
Once the resin has set, the sand is excavated, and the 
sample of impregnated sand removed. This sample is then 
weighed in air, and subsequently in water. By considering 
the weight of resin used, the weight of sand in the sample 
may be calculated. In addition, by considering the 
buoyancy of the immersed sample, its volume may be 
calculated. According to Moore (1985), pre-coating with 
wax is necessary, as the impregnated sample is often 
porous. Both the weight and volume of wax should thus be 
accounted for, when evaluating the volume of the sample.
By assuming the volume of sand as equal to the volume of 
the sample, the density of sand can then be calculated.
The detailed step-by-step procedure is described by Moore 
(1985).
As indicated by Moore (1985), the resin impregnation 
technique has an important advantage over the method of 
using pots. The density can be evaluated anywhere in the 
specimen, after it is completed. This technique thus 
seemed ideal for the first specimen of dense fine sand.
The technique was used in this thesis mostly as proposed 
by Moore (1985). Both the type of resin and the step-by- 
step procedure were virtually unchanged. As a result, 
their description is not repeated here.
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The resin impregnation technique was originally developed 
for use in well-graded medium sand. In this thesis, two 
minor changes were made in the original technique, to 
adapt it for use in fine sand. One change was in the way 
the needle was inserted in the sand. The other change was 
in the way the sample was coated, after it had been 
retrieved. Both changes are next discussed in some 
detail.
Moore (1985) used needles with external diameter of 2.1 
mm, and internal diameter of 1.6 mm. Numerous 0.8 mm 
diameter holes were drilled around the circumference of 
each needle, immediately above the lower end. These holes 
facilitated the flow of resin outwards the needle. When 
inserting this needle in well-graded medium sand, a rod 
with a pointed end was left inside, slightly protruding 
from the lower end (Fig. 4.16). By doing so, the needle 
was not clogged by sand. Once insertion was completed, 
the rod was removed.
This solution was less efficient in the case of fine sand. 
Fine sand was sucked into the needle, as the rod was 
retrieved. Clogging thus followed during impregnation.
The first change in the original technique had therefore 
to be introduced. It consisted of placing wire-wool at 
the lower end of the needle (Fig. 4.16). By doing so, 
penetration of sand into the needle was avoided, and the 
resin could flow outwards the needle with little 
restriction, as the wire-wool was permeable. Another 
precaution was to leave a length of thin wire inside the 
needle during impregnation. Eventually, the needle 
appeared to start clogging, which was indicated by a rise 
in the level of resin inside the plastic syringe. This 
problem was easily overcome by stirring the contents of 
the needle with the wire. Impurities appeared to be
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settling on top of the wire-wool, thus forming a less 
permeable layer. Once stirred, these impurities were 
probably drawn back into suspension. Ideally, the inside 
of the needle should be thoroughly cleaned with acetone, 
once retrieved. The wire-wool should also be renewed 
before starting a new test.
For the first specimen of dense fine sand, a number of 
samples were impregnated with resin. These samples were 
retrieved, and then examined. All samples seemed to be 
unsaturated with resin. One sample was coated with warm 
wax, and the dry unit weight was evaluated. Its value was 
15.38 kN/m3. The same sample was coated with hot wax, and 
the dry unit weight re-evaluated. Its value was 16.76 
kN/m3. The dry unit weight was either underestimated when 
the sample was coated with warm wax, because air bubbles 
could have been left inside the coat, or overestimated 
when it was coated with hot wax, because some wax could 
have migrated into the voids. Both were understood to be 
sources of error. For this sample, the volume of the wax 
coat was evaluated as the weight of wax divided by its 
unit weight. No air had thus been assumed inside the 
coat, and all the wax had been considered at the periphery 
of the sample. In addition, the volume of sand was 
calculated as the volume of the coated sample minus the 
volume of the wax coat. If part of the wax was inside the 
sample, then the true volume of the wax coat would be 
smaller than the calculated value. The volume of sand 
would be underestimated, and the value of dry unit weight 
therefore overestimated. On the other hand, if some air 
was inside the wax coat, the opposite conclusion would be 
true.
These assumptions were then tested. The same sample was 
immersed in hot wax, and retrieved once air was no longer
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coining out of the surface. This sample was then re­
weighed, once the remaining free wax was removed from its 
surface. The sample was subsequently coated with warm 
wax, and the dry unit weight was re-evaluated. By using 
this hot wax pre-treatment, sealing of the sample was 
attempted, in order to prevent migration of warm wax into 
the voids. After the dry unit weight was known, hot water 
was poured on the sample, thus removing the wax coat. The 
sample was boiled for about one hour, dried in the oven, 
and re-weighed. Immediately after being retrieved from 
the tank, the weight of the sample was 232.46 g. After 
the hot-wax treatment, it was 241.70 g. Finally, it was 
240.31 g, after the sample was boiled and dried. The 
sample had therefore absorbed hot wax, which was not 
removed from its voids, even after boiling. However, the 
re-calculated value of dry unit weight was 15.33 kN/m3. 
Consequently, provided the wax was applied warm rather 
than hot, the error in density was likely to be small, as 
suggested by these results.
The wax temperature seemed to be an important factor, 
which should be controlled. However, there was some 
concern whether adequate control could be easily 
implemented. The resin impregnation technique was 
therefore changed for the remaining samples. For some 
samples, this change consisted of pre-treating the sample 
with hot-wax, and then coating with warm wax. This was 
detailed before.
For other samples, this change consisted of no longer 
using wax for coating the sample. As before, the sample 
was retrieved, and weighed. Additional resin was 
prepared, and spread by brush over the surface of the 
sample. The treatment was repeated a few times, until the 
sample was no longer absorbing resin. The excess was then
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gently wiped from the surface. This treatment was assumed 
as satisfactory if no free resin was seen on the sample, 
and its surface was shiny. However, if the surface looked 
dull, the treatment was re-started. After the resin had 
set, the sample was weighed in air, and then in water. 
Afterwards, the dry unit weight was calculated as shown 
before, but without considering wax. With this treatment, 
no wax coating was thought to be necessary. The second 
application of resin could reasonably be assumed as having 
waterproofed the sample.
Thirteen samples were prepared using the resin 
impregnation technique. The location of each sample is 
shown in Fig. 4.17. In addition, corresponding values of 
depth and dry unit weight are shown in Table 4.2. The 
type of surface treatment used in each sample, i.e. wax 
coating or resin waterproofing, is similarly indicated in 
Table 4.2.
Examination of Table 4.2 reveals that the first specimen 
of dense fine sand was strongly non-uniform. Preliminary 
density tests, where the dry unit weight was measured by 
using pots, therefore gave misleading results. The 
connection between non-uniform density and uneven sand 
surface, which was suggested by Jacobsen (1976), seemed to 
have been confirmed for a specimen prepared with a moving 
curtain of sand. Examination of Fig. 4.17 shows a further 
interesting pattern. The highest values of dry unit 
weight roughly corresponded to the high points on the sand 
surface, as observed during the specimen preparation. In 
addition, the lowest values of dry unit weight seem to be 
concentrated near to a deep valley which was observed at 
the centre of the specimen. This valley was adjacent to 
the glass wall at one side of the tank (Fig. 4.14). This 
observation appeared to contradict the conventional idea
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that a high point on the surface should correspond to a 
lower density because the intensity of flow of sand was 
larger there (conversely, a low point should correspond to 
a higher density). From this observation arose the 
suspicion that the dry unit weight of the first specimen 
of dense sand might not have been determined solely by the 
operation of the hopper. Instead, it might also have been 
controlled by events taking place after the sand particles 
had touched the surface of the specimen. A new experiment 
was planned to test this assumption.
Before this experiment was conducted, the operation of the 
hopper was re-examined. The surface of the first specimen 
had suggested that sand was probably being deposited with 
a higher intensity of flow at the centre of the hopper.
The curtain of sand was divided in short segments, by 
using a riffle box. The hopper was operated briefly, and 
each segment was weighed separately. The distribution of 
intensity of flow along the width of the hopper could then 
be calculated. Values of intensity of flow were clearly 
higher at the centre (Fig. 4.18). The average intensity 
of flow was about 40 g/cm.min.
The sand outlet of the hopper was then re-designed. The 
original assembly of aluminium plates and rubber strips 
was dismantled, and replaced by a pair of bright steel 
plates, 3.2-mm thick (Fig. 4.12). Both plates were bolted 
to the front panel of the hopper, with the gap between 
these plates being equal to 2.6 mm. Further testing was 
then conducted, showing that the intensity of flow of sand 
was still non-uniform. A compromise solution was 
attempted, consisting of bonding narrow plastic strips 
across the front of the gap. These strips were 
concentrated at points where the flow of sand was larger. 
By doing so, it was possible to keep the intensity of flow
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of sand along the width of the hopper to within ± 1 0  % of 
the average value (Fig. 4.18(b)). However, periodical 
fluctuations in the distribution of the intensity of flow 
of sand were still noticed. As a result, testing was 
carried out frequently during the operation of the hopper, 
so that corrections could be applied, if necessary, by 
adding or removing plastic strips at the front of the gap. 
Each test consisted of collecting sand under the hopper by 
means of five pots, each with a diameter of 40 mm. The 
sand in each pot was weighed, and then compared with the 
average value. By performing this control test 
periodically, i.e. for each 50 mm of depth, the uniformity 
of intensity of flow was thought to have been adequately 
controlled.
The average intensity of flow was also tested 
periodically, also for each 50 mm of depth. For each 
test, sand was collected under the hopper during 4 min, 
using a box 14.8 cm wide. After the hopper was modified, 
all specimens of dense fine sand were produced with an 
average intensity of flow of approximately 13 g/cm.min. 
This value was probably smaller than before because of the 
restriction to flow introduced by the large number of 
plastic strips bonded to the hopper outlet. Probably for 
the same reason, the minimum value of air pressure which 
should be applied in the lower chamber of the hopper to 
achieve a stable flow of sand was found to be smaller than 
before. This value was approximately 0.5 kPa. The 
average intensity of flow of sand could eventually deviate 
from the required value, usually after plastic strips were 
added or removed from the hopper outlet. These deviations 
were normally corrected by a small adjustment in the value 
of air pressure applied to the lower chamber of the 
hopper.
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After the hopper had been improved, the second specimen of
dense sand was prepared. This specimen had a dual
purpose. One purpose was to verify the assumption that a
more uniform density could be produced by using a 
technique of levelling the surface of sand at frequent 
intervals. This technique consisted of running the hopper 
a number of times, usually until depositing about 15 mm of 
sand, and then stopping. The sand surface was examined,
and the position of any imperfection, such as an incipient 
cavity, was noted. Sand was rained immediately above this 
imperfection, until the surface appeared once more to be 
even. This procedure was repeated, until the tank was 
full. The other purpose of this specimen was to test the 
assumption that a smaller density could be produced by 
raining the sand on a slope. The specimen was prepared in 
a way which allowed both assumptions to be tested. During 
preparation, its surface was kept nearly horizontal along 
half the width. A pronounced slope was induced along the 
other half (Fig. 4.19). After completing the specimen, 
its surface was carefully levelled with a straight edge.
Once the second specimen of dense sand was ready, nine 
samples were prepared with the resin impregnation 
technique. Five samples were taken from the middle of the 
region of the specimen where the surface had been kept 
nearly horizontal during preparation. The other samples 
were taken from where the surface had been kept at a 
slope. All these samples were waterproofed with resin, 
instead of being coated with wax. The location of each 
sample is shown in Fig. 4.19. Corresponding values of 
depth and dry unit weight are shown in Table 4.3.
Fig. 4.19 shows that the dry unit weight was considerably 
smaller at points where the sand had been rained on a 
slope. On the other hand, with the exception of one
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point, the dry unit weight was shown to be approximately 
uniform where the sand had been rained on a nearly 
horizontal surface. Each sample was then examined. It 
was noticed that the surface of each sample impregnated 
with resin preserved the fabric acquired during 
deposition; each sample showed evidence of thin layering 
on its surface. In addition, all samples collected from 
points where the surface of the specimen was horizontal 
during deposition had approximately spherical shapes. 
Conversely, all samples collected from points where the 
surface was at a slope had highly deformed shapes, which 
appeared to grow preferably along directions of layering 
(Plate 4.4). This feature suggested the possibility of 
finding some well-defined relationship between density and 
inclination of depositional surface.
For each sample, the average dip angle of layering was 
measured at the central portion. This angle was measured 
relative to the direction of a needle which was inserted 
in the sample cavity. The direction of this needle was 
assumed as being an indication of the vertical direction 
at the time the sample was being impregnated with resin. 
The dry unit weight of the sample was then plotted against 
the dip angle, showing a good correlation (Fig. 4.20).
This plot provided an explanation for a discrepant value 
of dry unit weight which was observed in one sample 
collected from the region of the specimen where the 
surface was nearly horizontal during deposition. The dry 
unit weight was low because the surface was not perfectly 
horizontal at that particular point. By considering only 
samples where the dip angle deviated from the horizontal 
by less than 6°, the average dry unit weight was 15.74 
kN/m3, and the maximum deviation from this value was 0.11 
kN/m3. Fig. 4.20 also includes, for comparison, the
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average value of dry unit weight measured by raining into 
pots.
In these tests, three measuring pots were located 
approximately at the centre of the tank, each pot 
corresponding to a different height of fall. The hopper 
was operated as indicated, and the surface of sand inside 
each pot was carefully examined during the deposition; 
this surface was seen to be nearly horizontal at all 
times. The average value of dry unit weight was 15.75 
kN/m3. This value, was very close to the average dry unit 
weight measured with the resin impregnation technique, for 
horizontally layered samples.
By performing all these density tests, a number of 
conclusions were obtained, which were thought to be 
important for the forthcoming model wall experiments.
These conclusions encompassed the operation of the air- 
activated hopper, together with the resin impregnation 
technique for measuring density. It is seen that the 
alternative technique, of using pots, might not be sound. 
These conclusions are next outlined.
In this thesis, specimens of dense fine sand with uniform 
density could be prepared by means of a moving curtain of 
sand, despite disruptions caused by air currents which 
were noticed inside the tank. The curtain of sand was 
produced with an air-activated hopper. Walker and 
Whitaker (1967) noted the presence of similar air 
currents, but for a somewhat different type of hopper. 
Conversely, such air currents had not been reported by 
Butterfield and Andrawes (1970), despite having also used 
an air-activated hopper. In this thesis, disruptive air 
currents were clearly observed. Considerable effort was
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then required, until a way of keeping the density constant 
could be found.
As shown by this thesis, an important requirement when 
preparing the specimen was that its surface should always 
be kept nearly horizontal. Otherwise, a uniform density 
could not be achieved. Jacobsen (1976) had reached the 
same conclusion, but for the case of specimens which were 
prepared by raining sand simultaneously over the whole 
surface. This thesis therefore extended this conclusion 
for the case of specimens prepared with a moving curtain 
of sand.
It was observed that, during preparation of a specimen, 
frequent examination of its surface was required, so that 
any incipient deviation of horizontality could be 
detected. Any imperfection in this surface was 
immediately corrected, otherwise a slope could be formed. 
It was important to avoid the formation of a slope on the 
surface of the specimen. The steeper this slope, then the 
smaller would be the density. A criterion of acceptance 
could then be devised. Provided its surface did not 
deviate from the horizontal by more than 6 degrees, then 
the dry unit weight of the specimen would be approximately 
constant, within ± 0.1 kN/m3. Fig. 4.20 is the basis of 
this criterion.
The measurement of density was performed with the resin 
impregnation technique after each specimen had been 
completed. By using this technique, it was possible to 
demonstrate that the density of the first specimen of 
dense fine sand was highly non-uniform. This technique 
gave not only an accurate picture of the distribution of 
density within the specimen; it also allowed further 
insight into the deposition process itself. By
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impregnating a sample with resin, fabric features 
generated during preparation of the specimen, such as thin 
layering, could be well preserved at the surface of the 
sample. In addition, it was only after examining these 
features that a correlation could be established between 
the as-built density of the specimen and the deviation of 
its surface from the horizontal at the moment of 
deposition. By using this correlation, a more effective 
operation of the hopper was achieved.
This correlation seemed to represent an improvement on a 
previous discovery due to Jacobsen (1976). His conclusion 
that a horizontal surface of sand was indicative of a 
uniform specimen appeared to have been confirmed by this 
thesis. However, this thesis further indicated that the 
lack of horizontality of the specimen surface could be the 
cause of the non-uniform density, and not just a symptom 
of it. Jacobsen (1976) apparently did not reach the same 
conclusion, possibly because the density of sand was 
determined in his experiments with the vacuum technique 
(Christensen, 1961; Techmann, 1971). With this technique, 
a thin-walled sampler was driven into the specimen, and 
sand was removed from inside the sampler by applying 
vacuum. The density was evaluated by dividing the weight 
of sand by the volume of the sampler. It would not be 
possible to establish a correlation between density and 
surface inclination with the vacuum technique, because the 
fabric would be destroyed during sampling. There was 
therefore a clear advantage when using the resin 
impregnation technique.
There has been renewed interest over the last few years in 
techniques for sampling sand without using tube samplers. 
These techniques have included specimen freezing followed 
by the machining of smaller samples (Gilbert and Marcuson
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Ill, 1988), impregnation of whole specimens with resin, 
followed by thin-slicing (Bhatia and Soliman, 1990), 
impregnation with carbowax (Iryciw and Irsyam, 1990), and 
even impregnation with plaster (Wersching, Delpak and 
Rowlands, 1983). The resin impregnation technique, as 
developed at the University of Surrey by Moore (1985), and 
also as adapted in this thesis for use in fine sand, might 
be included within these new techniques, with distinct 
advantages in some circumstances. Table 4.4 compares 
these techniques, also including other methods.
Initially, the density of the first specimen of dense fine 
sand was measured with pots, placed below the curtain of 
sand. This technique failed to give accurate results. If 
these results had not been subsequently checked with the 
resin impregnation technique, then extremely non- 
homogeneous specimens would have been produced throughout 
this thesis. A warning should therefore be made 
concerning the use of measuring pots, which has been 
widespread (for example, Walker and Whitaker, 1967; 
Butterfield and Andrawes, 1970). The measurement of 
density with pots may be accurate, but only if the.sand 
surface is nearly horizontal both inside and outside each 
pot, as demonstrated by this thesis. If a slope is 
forming outside a pot, then another slope might also be 
formed inside, but both slopes are unlikely to have the 
same inclination. During preparation of the second 
specimen of dense fine sand, close examination of the sand 
surface had shown freshly rained particles of sand hitting 
the surface, and subsequently moving down-slope, until 
their final positions were reached. In addition, small 
slope failures could occasionally be noticed, when the 
slope was too steep. A slope forming inside a pot is 
therefore unlikely to have the same inclination as 
outside, because the down-slope movement of sand particles
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is restrained inside the pot by its walls. As 
demonstrated by this thesis, the steeper the slope, then 
the smaller was the density, other factors being kept 
unchanged. It was therefore not surprising that the 
average dry unit weight measured with pots during 
preparation of the first specimen of dense sand was not 
only different from the as-built dry unit weight; the 
average dry unit weight measured with pots was 
consistently larger.
The above mechanism was revealed by testing dense fine 
sand. Further insight was then provided by testing loose 
fine sand. Loose specimens were prepared by increasing 
the air pressure to 2.6 kPa, so that the intensity of flow 
of sand in the hopper was increased to 190 g/cm.min. The 
dry unit weight was expected to be about 14.0 kN/m3. Its 
value was measured by raining sand not in a small pot, but 
in a metal box 0.42 m long, 192 mm wide, and 95 mm deep. 
This box was placed inside the tank with its length 
aligned with the path of the hopper. When filling this 
box, it was observed that the thickness of each layer of 
loose fine sand was about 25 mm, instead of about 1.5 mm 
for the case of dense fine sand. For the case of loose 
fine sand, it was observed that, immediately after being 
deposited, sand particles would run down a slope until 
reaching their final positions (Fig. 4.21). For this 
case, no particle of sand appeared to have been deposited 
on a horizontal surface. In addition, by examining the 
freshly deposited layer through the glass wall, it 
appeared that thin layering similar to the case of dense 
fine sand was also present. However, this layering now 
seemed to be oriented parallel to the slope. By 
comparison with Fig. 4.20, the down-slope running of 
particles of sand appeared therefore to be the fundamental 
mechanism controlling the density of the specimen.
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If this inference was correct, then any factor interfering 
with the formation and advance of the slope should also 
affect the density. For example, the length of the 
measuring box could be one such factor. The smaller this 
length, then the smaller would be the opportunity for this 
slope to be properly formed, due to restrictions applied 
by the box walls. This assumption was subsequently tested 
by raining sand on measuring boxes (or pots) with 
different lengths (or diameters). The assumption appeared 
to be fundamentally correct (Fig. 4.22). The smaller was 
the box (or pot), then the larger was the dry unit weight.
This result can have important implications. For example, 
when specimens are prepared with a moving curtain of sand, 
the measurement of density with pots cannot be justified, 
unless such pots are much larger than the thickness of 
each deposited layer. A pot with a diameter of 100 mm is 
certainly adequate for measuring the density of dense fine 
sand, as the thickness of each layer deposited by the 
curtain of sand is only 1.5 mm. This was demonstrated by 
the near coincidence of the dry unit weight of dense fine 
sand measured both with this type of pot and with the 
resin impregnation technique when the sand surface was 
kept horizontal (Fig. 4.20). Conversely, this type of pot 
is unacceptable for loose fine sand, as the thickness of 
each deposited layer is much larger, about 25 mm.
Another conclusion can also be drawn, namely that the 
influence of end walls may compromise to some extent the 
claim that a moving curtain of sand can produce a highly 
uniform specimen of loose sand, as made by Butterfield and 
Andrawes (1970). Some non-homogeneity at the ends of a 
specimen of loose sand may be unavoidable, according to 
this thesis. Conversely, this non-homogeneity may be 
insignificant for a dense specimen.
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By using the resin impregnation technique in this thesis, 
some fundamental questions have been formulated about the 
adequacy of preparing specimens with a moving curtain of 
sand. The same questions were not addressed by Walker and 
Whitaker (1967), nor by Butterfield and Andrawes (1970), 
possibly because the density of the specimen was then 
measured with conventional pots.
No further attempt was made to improve the design of the 
hopper for use in loose fine sand, in order to enhance the 
uniformity of density. The limit of accuracy of this type 
of equipment had possibly been disclosed. Either the 
principle of operation should be altogether abandoned, or 
a radical re-design be pursued. However, a compromise 
solution was followed in this thesis. It consisted of 
running the hopper always from the model wall, and never 
towards it. By doing so, a more homogeneous specimen was 
prepared, since it was observed that the slope at the end 
of a deposited layer was more disturbed when it approached 
the end of a run, i.e. when the hopper was moving towards 
a vertical surface.
Minor modifications were nevertheless introduced in the 
operation of the hopper for the case of loose fine sand.
A plate was bolted in front of the hopper outlet, so that 
the direction of the outcoming jet of sand could be 
deflected towards the vertical. Density tests disclosed 
an effect of height of fall on the dry unit weight (Fig. 
4.23). This effect was compensated by changing the speed 
of the hopper once the surface of the specimen had reached 
certain levels inside the tank, which were pre-determined 
by calibration (section 5.3.1). The speed of the hopper 
was shown to influence the dry unit weight (Fig. 4.24).
The probable reason was that the thickness of the 
deposited layer also depended on the speed of the hopper.
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The slower the speed, then the thicker was the layer, and 
therefore the smaller was the dry unit weight.
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Table 4.1 Preliminary density experiments (values of dry 
unit weight measured with pots)
Pot distance (1) depth (2) Yd
no. (m) (m) (kN/m3)
1 0.31 0.97 15.65
2 0. 31 0.97 15.71
3 0.63 0.79 15.47
4 0.63 0.79 15.60
5 0.94 0.58 15.50
6 0.94 0.58 15.60
(1) measured from one end of the test tank
(2) measured from the sand outlet of the hopper
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Table 4.2 First specimen of dense fine Leighton Buzzard 
sand (values of dry unit weight measured with 
the resin impregnation technique)
Sample
no.
distance (1) 
(m)
depth (2)
(m)
Yd
(kN/m3)
coat
type
1 0.31 0.30 14.85 wax
2 0.31 0.12 15.11 wax
3 0.63 0.12 14.62 resin
4 0.63 0.30 15.39 wax
5 0.94 0.36 15.14 resin
6 0.94 0.20 15.55 wax
7 1.10 0.20 15.16 resin
8 0.15 0.35 15.08 wax
9 0.08 0.12 15.39 resin
10 0.47 0.20 14.64 resin
11 0.47 0.35 15.33 wax
12 0.79 0.12 14.55 resin
13 0.71 0.20 15.12 wax
(1) measured from one end of the test tank
(2) measured from the specimen surface
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Table 4.3 Second specimen of fine Leighton Buzzard sand 
(values of dry unit weight mesured with the 
resin impregnation technique)
Sample
no.
distance (1) 
(m)
depth (2) 
(m)
Ya
(kN/m3)
deposition
surface
1 0.31 0.12 15.83 horizontal
2 0.31 0.32 15.32 inclined
3 0.63 0.32 15.74 horizontal
4 0.63 0.22 14.56 inclined
5 0.94 0.22 15.39 horizontal
6 0.94 0.12 14.96 inclined
7 1.10 0.12 15.63 horizontal
8 0.47 0.22 15.77 horizontal
9 0.15 0.32 15.73 horizontal
10 0.47 0.12 15.15 inclined
(1) measured from one end of the test tank
(2) measured from the specimen surface
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activated hopper for specimen preparation
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Fig. 4.23 Effect of height of fall on the dry unit weight 
of fine Leighton Buzzard sand, when deposited 
in a loose state with the air-activated hopper
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Fig. 4.24 Influence of hopper speed on the dry unit 
weight of fine Leighton Buzzard sand, when 
deposited in a loose state with the air- 
activated hopper
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Plate 4.2 Photograph showing the model wall
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Plate 4.4 Samples of fine Leighton Buzzard sand
impregnated with resin, left: taken from a 
location where the sand surface was 
approximately horizontal, right: taken from a 
location where the sand surface was inclined.
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CHAPTER 5 - MODEL WALL EXPERIMENTS
5.1 Details of testing programme
In this thesis, the testing programme comprised six 
experiments with the model wall. The first experiment was 
of a preliminary nature; its purpose was to achieve 
familiarity with the equipment and to test the 
instrumentation. The experimental technique was finally 
defined when the second experiment was run. All 
subsequent experiments then followed a similar technique, 
but with one parameter being changed at each time. Table
5.1 outlines these experiments.
The first experiment was performed with an uncoated model 
wall embedded in dense fine Leighton Buzzard sand. In 
this particular experiment, there was no intention of 
reproducing closely the behaviour of a free embedded 
cantilever wall. A horizontal force was instead applied 
to the model wall, at a fixed height above the sand 
surface, until failure was reached. No vertical force was 
applied to the model wall in this experiment, as would be 
required if the influence of active shear stress was to be 
reproduced. Similarly, no surcharge was applied to the 
sand surface behind the wall, as would be necessary if the 
influence of vertical stress at the excavation level was 
to be simulated. However, despite its simplicity, this 
experiment was considered important? for example, one 
could test whether the pattern of measured wall 
displacement was consistent with both the distribution of 
normal stress and the distribution of shear stress 
measured on the wall. It was reasoned that, if 
satisfactory consistency was achieved, the remaining 
experiments could be performed with confidence.
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In the second experiment, the model wall was both uncoated 
and embedded in dense fine Leighton Buzzard sand, as in 
the first experiment, but the objective was instead to 
simulate the behaviour of a free embedded cantilever wall. 
A sequence of loading comprising several stages was 
devised, which to some extent simulated backfilling. For 
each stage, a horizontal force (Fh) and a vertical force 
(Fv) were applied to the model wall. By doing so, the 
resultant of active normal stress and the resultant of 
active shear stress, both acting along the equivalent 
height of retained soil (heq), were simulated. For each 
stage, a surcharge (crv) was also applied to the sand behind 
the model wall. This surcharge simulated the vertical 
normal stress at the excavation level due to the soil 
behind the equivalent height of retained soil. The 
purpose of this loading sequence was to observe how the 
embedded part of the model wall would behave, as explained 
in Chapter 4.
For the second experiment, the sand dry unit weight yd was 
15.7 kN/m3, the plane strain angle of internal friction 
(0ps) was 47°, and the angle of wall friction (6a) was 
assumed as 23.5°. The latter was chosen because it 
corresponded to the assumption of <Sa=l/2.0, an assumption 
often used, as indicated by Clayton and Milititsky (1986). 
During the first stage, the horizontal force had to be 
applied at a height above the sand surface equal to 110 
mm, because it was the minimum height which could be used 
with the equipment. The distribution of active normal 
stress on the equivalent height of retained soil (heg) was 
assumed linear; this equivalent height was therefore taken 
as 0.33 m. Once necessary soil and wall parameters had 
been evaluated, values of horizontal force, vertical 
force, and surcharge were calculated for this stage, the 
former by using Mayniel's active earth pressure
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coefficients (Clayton and Milititsky, 1986). For 
subsequent stages of this experiment, new values of 
horizontal force, vertical force, and surcharge were 
calculated in the same way. For each new stage, the 
equipment for application of horizontal force was 
generally raised by 55 mm. This increase in height was 
sometimes reduced in the final stages of an experiment, so 
that failure could be defined more accurately. Table 5.2 
outlines the loading sequence followed in the second 
experiment.
The third experiment was similar to the second, but the 
angle of wall friction was assumed equal to zero. As a 
result, no vertical force was applied to the model wall. 
However, the horizontal force was also affected. For each 
stage, the horizontal component of the coefficient of 
active earth pressures was somewhat larger than in the 
second experiment? the corresponding horizontal force was 
accordingly larger. The purpose of the third experiment 
was to verify the importance of assuming a value of angle 
of wall friction. Table 5.3 outlines the loading sequence 
for this experiment.
The fourth experiment was also similar to the second, but 
the model wall was embedded in loose fine Leighton Buzzard 
sand. For the fourth experiment, the sand dry unit weight 
was 14.1 kN/m3, the plane strain angle of internal friction 
was 36°, and the angle of wall friction was assumed as 
18°. Consequently, new values of horizontal force, 
vertical force, and surcharge were calculated for each 
stage of this experiment. Table 5.4 outlines these 
values.
The fifth experiment was also performed according to Table
5.4. This experiment was almost identical to the fourth
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experiment, except that the model wall was coated with 
fine sand. With this purpose, epoxy resin was smeared on 
both sides of the model wall; both sides were then covered 
with sand. However, each boundary normal stress 
transducer stayed uncoated, so that the calibration would 
not be affected. The purpose of this experiment was to 
assess the importance of surface roughness on the 
behaviour of the embedded part of the model wall, for the 
case of loose sand.
The model wall was kept coated with sand during the sixth 
experiment. However, the wall was embedded again in dense 
fine Leighton Buzzard sand. The loading sequence of this 
experiment was identical to the second experiment, which 
was outlined in Table 5.2. The purpose of the sixth 
experiment was also to assess the importance of surface 
roughness on the behaviour of the embedded part of the 
model wall, but for the case of dense sand.
5.2 Sand properties
Each model wall experiment was performed with fine 
Leighton Buzzard sand. The same sand was used in research 
on dynamic penetration testing by Hababa (1984), and also 
in research on screw plate testing (Vaziri, 1989), both 
conducted at the University of Surrey. The mean particle 
size of this sand was 0.11 mm, and its coefficient of 
uniformity 1.6, according to Hababa (1984). The specific 
gravity was 2.65, the maximum dry unit weight was 16.8 
kN/m3, and the minimum dry unit weight was 13.3 kN/m3, also 
according to Hababa (1984). The same values were later 
reported by Vaziri (1989). However, a new method of 
producing loose specimens for direct shear testing was 
attempted in this thesis. It consisted of slowly raising
286
a perforated plate through this sand. By doing so, it was 
noticed that a very small dry unit weight was produced, 
about 12.9 kN/m3. This value has been adopted in this 
thesis as the minimum dry unit weight.
5.2.1 Determination of the plane strain angle of 
internal friction
Roscoe (1970) indicated that, provided two conditions were 
observed, model experiments taken to failure could be 
compared with theory. Both conditions were concerned with 
shear strength parameters for use in the theory.
According to one condition, the mode of deformation of the 
soil in the model experiment should be similar to the mode 
of deformation of the specimen in the shear strength test. 
According to the other condition, stress levels in the 
model experiment and in the shear strength test should be 
comparable.
In this thesis, a plane strain mode of deformation was 
assumed for the sand near the model wall. The scale of 
this model testing was small. As a result, the mean 
stress level in the sand was also small. It was therefore 
decided that plane strain shear strength parameters should 
be determined for this sand, and that corresponding shear 
strength tests should be conducted at low stress levels.
Plane strain shear strength parameters are more difficult 
to evaluate than triaxial compression shear strength 
parameters, as the equipment is more complex. Plane 
strain shear strength parameters have been measured with 
simple shear tests (Roscoe, 1953; Stroud, 1971; Wood and 
Bhudu, 1980), and also with plane strain compression tests 
(Cornforth, 1964; Bishop, 1966; Rowe, 1969; Cornforth,
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1973; Tatsuoka, Sakamoto, Kawamura, and Fukushima, 1986). 
To date, these tests have been used predominantly for 
research work (Matthews, 1988).
The use of plane strain shear strength parameters has been 
recommended by two codes of practice (German Committee for 
Waterfront Structures, 1980; Danish Geotechnical 
Institute, 1986). Both codes acknowledged that these 
parameters could be difficult to determine. As a result, 
empirical correlations with other shear strength 
parameters were suggested. For example, the plane strain 
angle of internal friction (0ps) and the triaxial 
compression angle of internal friction (0tc) were often 
correlated (German Committee for Waterfront Structures, 
1980; Wroth, 1984; Danish Geotechnical Institute, 1986).
Other correlations have also been suggested. One type of 
correlation, which was developed for use in sand, involved 
the plane strain angle of internal friction, on the one 
hand, and both the maximum angle of dilation (\|i) and the 
critical state angle of internal friction (0CV), on the 
other hand. Rowe (1969) derived a theoretical 
relationship of this type, based on his strength-dilatancy 
theory (Rowe, 1962). Jewell (1989) derived a similar 
relationship, based on another strength-dilatancy theory 
(Taylor, 1948). An empirical correlation, based on 
previous test data, was developed by Bolton (1986). When 
using this correlation, the maximum angle of dilation 
should be determined from another type of shear strength 
test, e.g. a triaxial compression test. The critical 
state angle of internal friction might be determined from 
a slope test (Bolton, 1986). Fig. 5.1 outlines these 
correlations.
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Another type of correlation, also developed for use in 
sand, involved the plane strain angle of internal 
friction, on the one hand, and both the relative density 
(Dr), the mean stress level (av), and the critical state 
angle of internal friction, on the other hand. An 
empirical correlation of this type, based on previous test 
data, was developed by Bolton (1986). This correlation 
was partially criticized by Tatsuoka (1987), based on 
recent test data by Tatsuoka, Sakamoto, Kawamura, and 
Fukushima (1986). The plane strain angle of internal 
friction certainly depends on mean stress level, according 
to their new data, but only for relatively large mean 
stress levels. Conversely, the plane strain angle of 
internal friction is virtually independent of mean stress 
level in the range between 5 kPa and 50 kPa, according to 
the same data. Bolton (1987) introduced a modification in 
the empirical correlation, to include this effect. If 
smaller than 150 kPa, the mean stress level was no longer 
considered as affecting the plane strain angle of internal 
friction. When using this correlation, only the critical 
state angle of internal friction has to be determined, 
e.g. from a slope test. Fig. 5.1 also outlines this 
correlation.
A different approach was followed by Jewell and Wroth 
(1987). The plane strain angle of internal friction of 
sand was determined, with this approach, by treating the 
direct shear test as a plane strain test. For this 
purpose, two assumptions were necessary. According to one 
assumption, the rupture surface in the direct shear test 
should be considered as being a zero extension surface. 
According to the other assumption, principal stress axes 
in the direct shear test should be considered as being 
aligned with principal strain increment axes. Jewell 
(1980) performed experiments which appeared to support the
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first assumption. Subsequently, Dyer (1985) performed 
experiments which appeared to support the second 
assumption. Once confirmed, these assumptions had two 
important implications for the test. The maximum ratio 
between shear stress and normal stress would not be 
mobilized along the rupture surface, as implied by the 
conventional interpretation of the direct shear test, but 
along a plane inclined to this surface. At failure, the 
value of maximum ratio between shear stress and normal 
stress would be equal to the tangent of the plane strain 
angle of internal friction. In practice, its value should 
be determined by computing two parameters from test data, 
according to Jewell and Wroth (1987). One parameter was 
the maximum angle of dilation. The other was the maximum 
ratio between shear stress and normal stress along the 
rupture surface (rh/crv), also known as the tangent of the 
direct shear angle of internal friction (0ds), according to 
the conventional interpretation of the direct shear test. 
The tangent of the maximum angle of dilation could be 
approximated as the maximum ratio between increments of 
vertical displacement and horizontal displacement in the 
test. The maximum ratio between shear stress and normal 
stress along the rupture surface should be evaluated as in 
the conventional interpretation of the test. Fig. 5.1 
outlines the relationship between the plane strain angle 
of internal friction, the maximum angle of dilation, and 
the direct shear angle of internal friction, as proposed 
by Jewell and Wroth (1987).
According to Jewell and Wroth (1987), one constraint 
should be imposed on the direct shear test, before using 
the new interpretation. During a test, rotation of both 
the top cap and the upper half of the shear box should be 
minimized. Otherwise, non-uniform strains could develop 
in the specimen, thus affecting test results. This
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rotation may be minimized by clamping the top cap and the 
upper half of the box to each other, as recommended by 
Jewell and Wroth (1987).
The direct shear test was considered for use in this 
thesis because of its simplicity. By using the direct 
shear test, and by following the approach proposed by 
Jewell and Wroth (1987), complicated or expensive new 
pieces of apparatus would not be required. Instead, only 
small adaptations to an existing machine would be needed. 
However, one obstacle remained; available experience with 
this approach was recognized as scant. Despite the risk, 
this approach was followed in this thesis. If results 
were not satisfactory, values of plane strain angle of 
internal friction for use in this thesis could still be 
estimated from the same test data. For example, empirical 
correlations proposed by Bolton (1986) and Bolton (1987) 
could then be used, as a last resort.
Four direct shear tests were then performed in this 
thesis, all with fine Leighton Buzzard sand. A strain- 
controlled direct shear machine was used in these tests 
(Wykeham Farrance, model SB1). A light-weight shear box 
was built, using perspex, because of the low vertical 
normal stress required. As suggested by Jewell and Wroth 
(1987), a ball race was placed at the tip of the proving 
ring, so that vertical displacement of the upper half of 
the shear box could take place with minimum constraint. 
Fig. 5.2 outlines the design of the shear box.
The shear box was assembled before specimen preparation. 
Strips of paper, 0.3 mm thick, were interposed between its 
upper and lower halves, which were subsequently clamped 
with a pair of bolts. Fine Leighton Buzzard sand was then 
deposited inside the shear box, by using the air-activated
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hopper. The detailed operation of this hopper was 
described in Section 4.3.5. Once the box was full, the 
surface of sand was gently levelled by using a straight 
edge.
After weighing, the shear box was placed in the direct 
shear machine. The vertical stress was applied to the 
specimen with a dead-weight hanger. Four dial gauges were 
fixed to the shear box; two were used for measuring 
horizontal displacement, and the other two for measuring 
vertical displacement. The pair of bolts holding the two 
halves of the shear box were removed, together with all 
paper strips, thus leaving a gap between both halves of 
the box, of about 0.4 mm. Six rectangular blocks of 
perspex were then smeared with epoxy resin. These blocks 
were placed on top of the upper half of the box, touching 
the top cap, and thus effectively clamping one to the 
other, once the resin set. The specimen was then sheared, 
by displacing the lower half of the shear box at a speed 
of about 2.2 mm/hour. Frequent readings of horizontal 
force, horizontal displacement, and vertical displacement 
were taken, as recommended by Jewell (1989). Once the 
test was completed, the sand was removed and weighed; the 
dry unit weight was then calculated.
Figs. 5.3-7 show test results. The development of 
horizontal displacement is shown in Fig. 5.3. The 
development of vertical displacement is shown in Fig. 5.4. 
Both the average horizontal displacement and the average 
vertical displacement were calculated from Figs. 5.3 and
5.4, and plotted against each other in Fig. 5.5. The 
maximum angle of dilation (i|r) was then be determined from 
this figure. The shear stress on the horizontal surface 
(rh) was plotted against the horizontal displacement in 
Fig. 5.6. The maximum shear stress on the rupture surface
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(assumed to be horizontal) was evaluated from this figure. 
Subsequently, the maximum ratio between shear stress and 
normal stress on the rupture surface (rh/av) was calculated 
(the vertical stress was 17.3 kPa for all tests). The 
direct shear angle of internal friction could also be 
calculated, if required. Finally, the maximum ratio 
between shear stress and normal stress in the specimen was 
calculated, followed by the plane strain angle of internal 
friction (0ps). The ratio between shear stress and normal 
stress on the horizontal surface was plotted against the 
ratio between vertical displacement and horizontal 
displacement in Fig. 5.7. In Figs. 5.3-7, each test is 
identified by the initial void ratio. Table 5.5 outlines 
test details.
Any twisting of the upper half of the shear box can be 
detected from Fig. 5.3. Similarly, any tilting of the 
upper half of the shear box can be detected from Fig. 5.4. 
According to Jewell (1980), the smaller the amount of 
twisting or tilting, then the more consistent can be 
regarded the test. The consistency of the test can also 
be assessed from Fig. 5.7, by comparison to a strength- 
dilatancy theory. According to Jewell (1989), the less 
the test data deviate from the theory, then the more 
consistent can also be regarded the test.
Values of plane strain angle of internal friction of fine 
Leighton Buzzards sand, as determined with the approach 
proposed by Jewell and Wroth (1987), were plotted against 
relative density in Fig. 5.8. Values of plane strain 
angle of internal friction were also estimated for the 
same sand with the pair of empirical correlations proposed 
by Bolton (1986) and Bolton (1987). These values were 
also included in Fig. 5.8. The critical state angle of 
internal friction of this sand was determined, and also
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included in Fig. 5.8. The value of critical state angle 
of internal friction was determined from a slope test, as 
suggested by Bolton (1986). The slope test was performed 
by raining a curtain of sand inside the test tank near to 
one end, until a slope was formed, about 0.4 m high. This 
slope was gently undercut at the base, so that shallow 
rupture surfaces could be induced, as suggested by 
Cornforth (1973). Eventually, an uniform slope angle 
would be formed, which could be measured through both 
glass panels of the test tank. This angle was assumed to 
be equal to the critical state angle of internal friction. 
The volume of sand was calculated, and its weight 
measured; the corresponding density was then evaluated.
According to Fig. 5.8, the direct shear test which was 
performed at the highest relative density seemed to be the 
most consistent. The value of plane strain angle of 
internal friction was about 47°, irrespective of the 
correlation used. Three correlations were used for this 
test. One was the theoretical relationship between the 
maximum ratio between shear stress and normal stress, on 
the one hand, and both the maximum angle of dilation and 
the maximum ratio between shear stress and normal stress 
on the horizontal plane, on the other hand, as proposed by 
Jewell and Wroth (1987). The second was the empirical 
correlation between the plane strain angle of internal 
friction, on the one hand, and both the critical state 
angle of internal friction and the maximum angle of 
dilation, on the other hand, as proposed by Bolton (1986). 
The third was the empirical correlation between the plane 
strain angle of internal friction, on the one hand, and 
both the critical state angle of internal friction and the 
relative density, on the other hand, as proposed by Bolton 
(1987). Coincidently, this test also appeared to have 
satisfactory consistency, as suggested by Figs. 5.3, 5.4,
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and 5.7. There was little twisting or tilting of the 
upper half of the shear box, according to Figs. 5.3 and
5.4. Test results had deviated little from the strength- 
dilatancy line, according to Fig. 5.7.
According to Fig. 5.8, direct shear tests which were 
performed at lower relative density seemed to be less 
satisfactory. In these tests, values of plane strain 
angle of internal friction were somewhat scattered, when 
determined as proposed by Jewell and Wroth (1987). There 
was either twisting or tilting of the upper half of the 
shear box, as shown by Figs. 5.3 and 5.4. Tests data 
sometimes deviated from the strength-dilatancy line, as 
shown by Fig. 5.7. By contrast, values of plane strain 
angle of internal friction were less scattered, when 
estimated as proposed by Bolton (1986) and Bolton (1987). 
These values also appeared to be consistent with the value 
of critical state angle of internal friction, as suggested 
by Fig. 5.8.
It is not entirely clear why, in the same series of direct 
shear tests, a test with dense sand can be perfectly 
consistent while others with looser sand not. A possible 
reason might be that an uniform specimen of dense sand is 
apparently easier to prepare than an uniform specimen of 
loose sand. This seems to be the case for the air- 
activated hopper, as described in Section 4.3.5. If the 
specimen is non-uniform, then it might twist or tilt 
during shearing. As a result, the stress distribution 
might not be uniform inside the specimen, thus affecting 
the measurement of both shear strength and dilation.
The theoretical relationship proposed by Jewell and Wroth 
(1987) for determining the plane strain angle of internal 
friction of sand can be very sensitive to the value of
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angle of dilation. If the maximum angle of dilation is 
underestimated, it may overestimate the plane strain angle 
of internal friction, according to Jewell (1989). On the 
other hand, if the maximum angle of dilation is 
underestimated, then empirical correlations, such as the 
one proposed by Bolton (1986), may underestimate the plane 
strain angle of internal friction. Jewell (1989) then 
suggested the simultaneous use of both methods, so that 
the true value of plane strain angle of internal friction 
could be bracketed. Test data supported this suggestion, 
according to Jewell (1989). However, such data comprised 
only dense sand (relative density not smaller than 65 %). 
No determination of plane strain angle of internal 
friction of loose sand appears to have been performed so 
far with the theoretical relationship due to Jewell and 
Wroth (1987). According to Jewell (1980), direct shear 
tests were not conducted in loose sand at that time 
because satisfactory specimens could not be prepared with 
the methods then in use.
In this thesis, the value of plane strain angle of 
internal friction was first estimated for loose fine 
Leighton Buzzard sand by using the theoretical 
relationship proposed by Jewell and Wroth (1987).
However, there should be less confidence in the 
application of this method for the case of loose fine 
Leighton Buzzard sand (by comparison with the 
corresponding dense state), as suggested by Fig. 5.7. 
Nevertheless, approximately the same value of plane strain 
angle of internal friction was estimated for loose fine 
Leighton Buzzard sand by using the pair of empirical 
correlations due to Bolton (1986) and Bolton (1987). An 
average value of about 36° seemed to be adequate, 
according to Fig. 5.8.
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This does not mean that the method of evaluation of plane 
strain angle of internal friction due to Jewell and Wroth 
(1987) has been judged inadequate for loose sand.
Instead, it is suggested that the testing technique might 
need more development, so that the use of less perfect 
specimens, such as of loose sand, might be tolerated. For 
example, it might be necessary to re-design the shear box 
so that twisting or tilting of the upper half is not 
allowed during shearing. However, further development of 
the direct shear test was considered beyond the scope of 
this thesis, and was not conducted. In this thesis, once 
values of plane strain angle of internal friction of fine 
Leighton Buzzard sand had been estimated, the work with 
the direct shear test was regarded as completed.
5.3 Test procedure
5.3.1 Preparation and set-up of the specimen
Before each specimen was prepared, the interior of the 
test tank was vacuum-cleaned. Each glass panel had been 
thoroughly degreased with acetone, after the tank was 
assembled. In addition, the glass had been rubbed with a 
dry and clean cloth, until it looked spotless clean, as 
recommended by Arthur and Roscoe (1965). Before each 
specimen was prepared, the condition of the glass was re- 
examined, and the cleaning was repeated, if necessary.
The air-activated hopper was then prepared for operation. 
Both rails of the hopper were placed on top of steel 
angles, which were previously bolted to the test tank.
The hopper was placed on top of these rails, so that its 
sand outlet was situated 0.97 m above the floor of the 
tank. The pressure transducer was then connected to the
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air-pressure control panel, near to the air-pressure 
regulator.
The first, second, third and sixth model wall experiments 
were performed with dense fine sand. For this case, a 
sieve was placed about 80 mm below the sand outlet of the 
hopper. The air pressure was set to approximately 0.5 
kPa, and the hopper speed to 500 mm/min. The upper 
chamber of the hopper was then filled with sand. Before 
raining, both the uniformity of the sand curtain and the 
average intensity of flow were verified. The uniformity 
was verified by raining sand inside pots, which were 
placed below the hopper, along its width. The average 
intensity of flow was verified by raining sand inside a 
metal box. Both techniques were described in 4.3.3.
When preparing dense sand, the intensity of flow was 
expected to vary by not more than ± 10 % of the average 
value. The intensity of flow of sand was required to be 
about 13 g/cm.min.
Once prepared, the hopper was run back and forth along the 
length of the test tank, with the sand being deposited in 
layers approximately 1.5 mm thick. Before that, plastic 
angles were bonded with self-adhesive tape around the 
perimeter of the tank, so that sand accumulating at the 
boundary could be prevented from running into the tank.
At the end of each pass, the hopper was run beyond the end 
of the tank, and only then was the direction of movement 
reversed. Each time a layer of about 15 mm of sand had 
been deposited, the raining was interrupted, and the sand 
surface examined. The position of each incipient cavity 
in this surface was noted, and sand was rained locally, 
until the surface once more appeared smooth and 
horizontal. The raining procedure was then re-started.
The raining was also interrupted each time about 60 mm of
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sand had been deposited. The uniformity of the sand 
curtain and its intensity of flow were then re-verified, 
and corrected if necessary. The uniformity of the sand 
curtain could be corrected by bonding (or removing) narrow 
plastic strips to the sand outlet of the hopper. The 
average flow of sand could be corrected by increasing (or 
decreasing) the applied air pressure.
Once the sand surface had reached a height of about 120 mm 
above the floor of the tank, the raining was once more 
interrupted. The hopper was parked at one end of the 
tank, and the model wall was gently introduced inside the 
tank. A wood spacer was clamped to each side of the tank, 
to support the model wall. With this purpose, the 
horizontal beam at the top of the equipment for 
application of vertical force (Fig. 4.8) was kept 
permanently bolted to the pair of vertical arms protruding 
from the model wall (Fig. 4.6-7). The horizontal beam 
rested on top of both wood spacers. Pieces of cardboard 
were then bonded to the sides of the model wall, near to 
the top. These pieces projected somewhat above the top of 
the wall, so that sand deposited on the wall could be 
prevented from running into the tank. The raining was 
subsequently re-started, proceeding as described before.
Once the sand surface had reached a height of about 0.5 m 
above the floor of the tank, the specimen preparation was 
regarded as completed. The hopper was parked at one end 
of the tank, and all accessories for raining sand, such as 
plastic angles or cardboard pieces, were removed. A 
straight edge was gently moved back and forth on top of 
the sand surface, until it appeared to be at level. The 
straight edge was guided by the pair of rectangular steel 
bars on top of the glass panels of the tank (Figs. 4.2-5).
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The completed sand surface was about 0.47 m above the 
floor of the tank in these tests.
The fourth and fifth experiments were performed with loose 
fine sand. The specimen preparation resembled the case of 
dense sand, except for a few details. For example, to 
keep the density uniform, the hopper speed was no longer 
constant, as in the case of dense sand. Three speeds were 
used, being chosen according to the height of sand surface 
above the floor of the tank. The hopper speed was 250 
mm/min for heights of sand below 150 mm, 300 mm/min for 
heights between 150 mm and 300 mm, and 400 mm/min for 
heights above 300 mm. Another detail contrasting with the 
case of dense sand was the applied air pressure, which for 
the case of loose sand was about 2.5 kPa. As a result, 
the intensity of flow of sand was larger, about 191 
g/cm.min. The thickness of each layer of sand was also 
larger; the average value was 25 mm. After each pass of 
the hopper, the surface of the layer was examined, and 
corrected if necessary. After each four passes of the 
hopper, both the uniformity of the sand curtain and its 
intensity of flow were verified, and also corrected if 
necessary. In other aspects, the preparation of specimens 
of loose sand was identical to the case of dense sand.
5.3.2 Test set-up and execution
Equipment assembly followed specimen preparation. The 
hopper was parked permanently at one end of the tank.
Both rails of the hopper were lifted at the opposite end, 
thus clearing a space above the sand surface. The 
equipment for application of horizontal force to the model 
wall could then be assembled without interference from 
other objects.
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The equipment for application of surcharge (Fig. 4.11) was 
next assembled. The air container was left on a bench, 
standing for a few minutes, with the rubber membrane 
upwards, and with both the air inlet and the transducer 
inlet open. Once the membrane had deflated, both inlets 
were closed. The container could then be turned upside 
down, and safely placed inside the tank. In addition, the 
sand surface was protected with a thin rubber membrane. 
Both inlets were then re-opened. The air pressure control 
panel was connected to the air inlet, and the pressure 
transducer to the other inlet. The container was then 
anchored to the floor of the tank with four threaded rods, 
about 1 m long. These rods were bolted to the pair of 
steel channels which projected sideways from the top of 
the container.
The equipment for application of horizontal force (Fig. 
4.8) was next assembled. At one end, extension bars were 
bolted to both vertical arms on top of the model wall. At 
the other end, the horizontal air actuator was fixed to 
the test tank. With this purpose, four rods were bolted 
to two vertical arms fixed to the tank, and the channel 
supporting the actuator was bolted to these rods. The 
horizontal frame and the force transducer were then 
inserted between the extension bars, at one end, and the 
actuator ram, at the other end. Once aligned, these 
components were bolted to each other. Assembly of the 
equipment for application of vertical force (Fig. 4.9) was 
then performed. However, this equipment was already 
partially assembled. During specimen preparation, its 
vertical frame was split at the top? the horizontal beam 
was fixed to the model wall, while the rest of the frame 
was fixed to the vertical air actuator. Final assembly 
consisted of bolting these components to each other.
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The counter-weight frame (Fig. 4.10) was subsequently 
assembled. Before specimen preparation, this frame was 
split at the base. The upper part of the frame was 
removed, to clear the path for the hopper, while the base 
remained fixed to the tank. During assembly, this upper 
part was placed back on top of the tank, re-aligned with 
the model wall, and bolted to the base. The frame was 
then stiffened by bracing. The frame contained two low- 
friction pulleys, both placed at the top. One pulley was 
bolted to one side of the frame; the other was bolted to a 
trolley, above the model wall. A steel wire ran through 
both pulleys; one end was fixed a dead-weight hanger, 
while the other was fixed to the model wall. During a 
test, the trolley could be moved parallel to the tank. By 
doing so, the steel wire was kept vertically above the 
model wall.
Finally, the pair of displacement transducers (Fig. 3.40) 
was assembled. A light frame was built to support these 
transducers, as mentioned in Section 3.4. Both 
transducers were fixed to a short vertical bar. This bar 
was in turn fixed to a long horizontal bar, which extended 
throughout the tank width. Each end of the horizontal bar 
was fixed to a magnetic clamp, which was placed on top of 
the tank, immediately behind the model wall. During 
assembly, each transducer was oriented in the horizontal 
direction, parallel to the length of the tank. Perspex 
pads were bonded to the horizontal beam on top of the 
model wall, as also mentioned in Section 3.4. The spindle 
of each transducer rested on a perspex pad. The assembled 
equipment is shown in Plate 5.1.
Immediately before starting each model wall experiment, 
the software was loaded into the micro-computer. 
Preliminary readings were then taken, to test the
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instrumentation. The external power supply was kept 
permanently switched on, thus avoiding any warming-up 
wait, but its voltage could drift. This voltage was 
therefore re-adjusted, if necessary.
At the start of the experiment, readings were taken with 
the model wall resting on wood spacers. Dead-weights were 
then placed on the hanger at one side of the tank, thus 
counter-weighing the model wall? the necessary weight was 
420 N. Dead-weights were placed on three hangers 
distributed along the length of the tank, so that the 
equipment for application of horizontal force to the model 
wall could also be counter-weighted? the necessary weight 
was 60 N. Following this, both wood spacers were removed, 
and new readings were taken. Readings before and after 
counter-weighing were then compared. For each reading of 
normal stress or shear stress, it was noticed that the 
difference was always smaller than 1 kPa, which was 
considered to be satisfactory.
The first loading stage was next followed. A horizontal 
force and a vertical force were applied to the model wall, 
and a surcharge was applied to the sand surface? readings 
were then taken. The model wall was unloaded, and new 
readings were taken. At the end of this loading stage, 
the equipment for application of horizontal force was 
dismantled. The horizontal frame, the horizontal air 
actuator, and also the force transducer, were raised 55 
mm, and then re-assembled.
The second loading stage was next followed. New values of 
horizontal force, vertical force, and also surcharge, were 
applied in small increments. After the last increment was 
applied, readings were taken. Unloading then followed, 
also in small increments. After unloading was completed,
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new readings were taken. Once more, the equipment for 
application of horizontal force was dismantled, raised 55 
mm, and then re-assembled. The same basic procedure was 
followed in all subsequent loading stages, except for a 
few details.
For example, the horizontal displacement could be large, 
particularly for loose sand, as failure was approached.
As a result, both displacement transducers had sometimes 
to be re-positioned. Otherwise their range could be 
exceeded. Similarly, the horizontal air actuator 
sometimes needed re-positioning; the channel supporting 
the actuator was then loosened, run backwards along 
threaded rods at the end of the tank, and re-tightened.
If the horizontal displacement (a) was very large, then 
the model wall was no longer vertical (Fig. 5.9), and a 
restoring moment (MR) would appear, caused by the counter­
weight of the model wall (W). The restoring moment was 
equal to the difference between two other moments. One 
was equal to the counter-weight force (which was always 
vertical immediately above the model wall) multiplied by 
the horizontal distance between its point of application 
(which was situated at the level of the horizontal member 
on top of the wall) and the centre of rotation of the 
wall. The other moment was equal to weight of the model 
wall multiplied by the distance between its centre of 
gravity and the centre of rotation. As an approximation, 
the centre of rotation was assumed to coincide with the 
base of the model wall (c~0). As a result, the restoring 
moment became equal to the counter-weight force multiplied 
by horizontal distance between its point of application 
and the centre of gravity of the model wall. This 
distance was approximated as half the average value of 
horizontal displacement measured by the pair of 
transducers (a/2). During a test, the effect of the
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restoring moment had somehow to be compensated, if 
significant. In this case, a correcting moment was 
applied to the model wall. The easiest way was by 
increasing the horizontal force applied to the model wall 
by a small amount (AFh), equal to the restoring moment 
divided by the vertical distance from the point of 
application of the horizontal force to the centre of 
rotation of the model wall (~b), as shown by Fig. 5.9.
New readings were then taken.
This routine was followed until failure occurred.
However, as failure was approached, the equipment for 
application of horizontal force was lifted by 
progressively smaller amounts, i.e. by 27.5 mm, or even by 
18 mm, before the next loading stage. Better definition 
of height of retained soil corresponding to failure could 
then be achieved.
Failure was well-defined for the case of dense sand. As 
the experiment was stress-controlled, the model wall would 
fail by a continuous horizontal displacement at constant 
applied horizontal force, which only ceased when the ram 
of the air actuator reached the end of its stroke. 
Conversely, failure was ill-defined for the case of loose 
sand. No maximum horizontal force could be observed. The 
model wall could reach considerable horizontal 
displacement, e.g. more than 10 % of its embedded height, 
but still be capable of sustaining additional loading. 
However, for any practical purpose failure could be 
regarded as having been reached in this case. In 
addition, the geometry of the problem was now 
substantially distorted, with the model wall being far 
from vertical, and further loading would be of limited 
interest. For this case, criteria for defining failure 
are discussed in Section 6.6.
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Repeated readings were taken at the onset of failure.
After it has occurred, photographs were taken (e.g. Plate 
5.2), and the sand surface in front of the wall was 
sketched, as an attempt to identify rupture lines. The 
model wall was subsequently unloaded, which was followed 
by another reading.
Once the experiment was completed, the equipment had to be 
dismantled. The horizontal member on top of the model 
wall was placed again on wood spacers clamped to the sides 
of the tank. The counter-weight frame, the equipment for 
application of horizontal force, and also the surcharge 
container, were all removed. The sand inside the tank was 
carefully removed, and then weighed to the nearest IN.
As the volume of sand inside the tank was known, the as- 
built average density could be calculated. After the tank 
was emptied, zero readings of all normal stress 
transducers and shear stress transducers were taken. The 
preparation of specimens of dense sand was very slow, 
requiring about a week of work, but the tank could be 
emptied in the same day the test was performed. It was 
therefore believed to be more appropriate to take zero 
readings after the test was completed.
5.3.3 Processing and plotting of test data
During testing, relevant data was permanently displayed on 
the micro-computer monitor. These data comprised values 
of boundary normal stress, boundary shear stress, 
horizontal force, horizontal displacement at two levels, 
surcharge air pressure, and air pressure on both Bellofram 
air actuators. These values were up-dated every three or 
four seconds. When required, data was stored on flexible 
disk.
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For each loading stage, readings were compared with 
corresponding zero readings, and subsequently converted to 
engineering units, by making use of previously determined 
calibration data. A distinction should be made between 
input parameters and output parameters. For each 
experiment, the horizontal force, the vertical force, and 
the surcharge pressure were input parameters? readings 
were taken only for the purpose of controlling the 
experiment. Conversely, the boundary normal stress, the 
boundary shear stress, and the horizontal displacement 
were output parameters; these readings were the actual 
result of the experiment.
The horizontal force was evaluated by converting the 
reading taken with the force transducer to engineering 
units. Table 5.6 outlines calibration data for this 
transducer, in terms of volts. Because the force 
transducer was connected to an intelligent voltmeter, test 
data were read by the micro-computer directly in volts, 
and not in bits. The horizontal force was not evaluated 
by using the air pressure reading taken with the pressure 
transducer which was connected to the horizontal air 
actuator. The reason was explained in Section 4.2.4.
The vertical force was evaluated from the reading of air 
pressure taken with the pressure transducer which was 
connected to the vertical air actuator, as also explained 
in Section 4.2.4. Before each experiment, this transducer 
was disconnected from the air pressure line, exposed to 
the atmosphere, and then zeroed. No calibration data were 
used? the gain of the amplifier was instead pre-set, in 
such a way that a pressure of 1000 kPa corresponded to a 
reading of 4000 bits. This gain was set with a pressure 
of 1000 kPa being applied to the transducer by a dead­
weight tester. The vertical force was evaluated by first
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converting the reading of air pressure to engineering 
units, and then by multiplying this value by the area of 
the vertical air actuator.
The surcharge was evaluated from the reading of air 
pressure taken with the pressure transducer which was 
connected to the surcharge container. This transducer was 
also zeroed before each test. Similarly, no calibration 
data was used; the gain of the amplifier was also pre-set, 
in such a way that a pressure of 100 kPa corresponded to a 
reading of 4000 bits. This gain was set with a pressure 
of 100 kPa being applied to the transducer by a mercury 
column.
Boundary normal stresses were evaluated by converting 
readings taken with corresponding transducers to 
engineering units. Boundary shear stresses were evaluated 
in a similar way. Test data were first read in bits, then 
converted to volts, and finally to stress units. The gain 
of the amplifier was fixed? 32768 bits corresponded to 0.5 
V. Table 5.6 outlines calibration data for these 
transducers, in terms of volts. Once converted to stress 
units, these data were corrected by making use of cell 
action factors, as described in Section 3.3.5. Values of 
cell action factor were listed in Section 3.3.5.
Horizontal displacements were evaluated by converting 
readings taken with corresponding transducers to 
engineering units. No calibration data were used; the 
gain of the amplifier was pre-set, so that a displacement 
of 25 mm corresponded to a reading of 4000 bits. Two 
transducers were used, because the model wall was expected 
to rotate about a point above the lower end, as explained 
in Section 3.4. By placing two transducers at different 
heights above the sand surface, the depth to the centre of
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rotation of the wall could be calculated from the pair of 
displacement readings (assuming the wall to be rigid).
The horizontal displacement at the top of the equivalent 
height of retained soil could also be calculated from the 
same readings.
Basic experimental data were then ready for plotting. It 
was decided that, for each loading stage, values of 
boundary normal stress should be plotted against depth, as 
shown in Appendix A. A similar approach was followed for 
measurements of boundary shear stress, as also shown in 
Appendix A. Other parameters were then derived from these 
data, and plotted as explained in Chapter 6.
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Table 5.1 Summary of model wall experiments
Experiment
no.
Incremental
heq (°)
Kah sand
coat
1 no 47 0 0.134 no
2 yes 47 1/2 0.134 no
3 yes 47 0 0.155 no
4 yes 36 1/2 tfw 0.224 no
5 yes 36 1/2 0.224 yes
6 yes 47 1/2 0.134 yes
note: evaluated with Mayniel's active earth pressure
coefficients (Clayton and Milititsky, 1986)
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Table 5.2 Loading sequence adopted for both the second and sixth
experiments
heg
(m)
Fh
(N)
Fv
(N)
Ov
(kPa)
0.33 0 0 0
0.33 38 17 5.2
0.33 0 0 0
0.50 0 0 0
0.50 86 37 7.8
0.50 0 0 0
0.66 0 0 0
0.66 152 66 10.4
0.66 0 0 0
0.83 0 o 0
0.83 238 103 13.0
0.83 0 0 0
0.99 0 0 0
0.99 343 149 15.5
0.99 0 0 0
1.16 0 0 0
1.16 467 203 18.1
1.16 0 0 0
1.32 0 0 o
1.32 561 265 20.7
1.32 0 0 0
note: intermediate loading increments not shown
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Table 5.3 loading sequence adopted for the third experiment
(m)
Fh
(N)
Fv
(N)
av
(kPa)
0.33 0 0 0
0.33 44 0 5.2
0.33 0 0 0
0.50 0 0 0
0.50 99 0 7.8
0.50 0 0 0
0.66 0 0 0
0.66 176 0 10.4
0.66 0 .0 0
0.83 o 0 0
0.83 276 0 13.0
0.83 0 0 0
0.99 0 0 0
0.99 397 0 15.5
0.99 0 0 0
1.16 0 0 0
1.16 541 0 18.1
1.16 o 0 0
1.20 0 0 0
1.20 581 0 18.8
1.20 0 0 0
note: intermediate loading increments not shown
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Table 5.4 Loading sequence adopted for both the fourth and fifth
experiments
(m)
Fh
(N)
Fv
(N)
Ov
(kPa)
0.33 0 0 0
0.33 56 18 4.6
0.33 0 0 0
0.50 0 0 0
0.50 127 41 6.9
0.50 0 0 0
0.58 0 0 0
0.58 173 56 8.0
0.58 0 0 0
0.66 0 0 0
0.66 226 73 9.2
0.66 0 0 0
0.74 0 0 0
0.74 287 94 10.3
0.74 0 0 0
0.83 0 0 0
0.83 353 (a) 115 11.5
0.83 0 0 0
(a) increased to 375 N, in order to compensate for large horizontal 
displacement (fig. 5.9)
note: intermediate loading increments not shewn
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Table 5.6 Calibration constants for stress and force transducers
transducer no. 
and type
calibration
constant
unit location
(1)
depth
(m)
1 / normal stress 0.9150 kPa/mV retained side 0.156
2 / normal stress 0.8677 kPa/mV retained side 0.318
3 / normal stress 0.8745 kPa/mV retained side 0.264
4 / normal stress 0.8832 kPa/mV excavated side 0.264
5 / normal stress 0.1833 kPa/mV retained side 0.048
6 / normal stress 0.8440 kPa/mV retained side 0.210
7 / normal stress 0.8662 kPa/mV excavated side 0.156
8 / normal stress 0.8202 kPa/mV excavated side 0.048
9 / normal stress 0.8164 kPa/mV excavated side 0.102
10 / normal stress 0.8739 kPa/toV excavated side 0.210
11 / normal stress 0.2021 kPa/mV retained side 0.102
12 / normal stress 0.8079 kPa/mV excavated side 0.318
13 / shear stress 0.1509 kPa/mV retained side 0.048
14 / shear stress 0.7849 kPa/mV excavated side 0.102
15 / shear stress 0.7864 kPa/mV excavated side 0.318
16 / shear stress 0.9283 kPa/mV excavated side 0.210
17 / shear stress 0.8459 kPa/mV excavated side 0.156
18 / shear stress 0.9419 kPa/mV excavated side 0.048
19 / shear stress 0.7804 kPa/mV retained side 0.264
20 / shear stress 0.8146 kPa/W retained side 0.318
21 / shear stress 0.1302 kPa/mV retained side 0.102
22 / shear stress 0.8749 kPa/mV excavated side 0.264
23 / shear stress 0.8154 kPa/mV retained side 0.156
24 / shear stress 0.8220 kPa/mV retained side 0.210
force transducer 1.871 N/mV - -
(*) refer to fig. 4.1
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10
<2^ -00* = 0 .8 t|i
(Bolton, 1986)
0 10 20
♦ (°)
(b)
40
tan 0
sin 0*35 cos i|r + sin i|r . tan 0 ds 
(Jewell and Wroth, 1987)
30
30 35 40
0ps“0cv ( ° )
(Bolton, 1986)
(Bolton, 1987)
0 0.5 1.0
Fig. 5.1 Correlations between the plane strain angle of 
internal friction (0ps) and (a) the critical 
state angle of internal friction (0CV) and the 
angle of dilation (i|i), (b) the direct shear 
angle of internal friction (0ps) and i|i,
(c) 0CV and the relative density (Dr)
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Fig. 5.2 Perspex shear box. (a) side view, (b) plan view
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Fig. 5.3 Development of horizontal displacement with time 
during direct shear tests with fine Leighton 
Buzzard sand
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5.4 Development of vertical displacement with time 
during direct shear tests with fine Leighton 
Buzzard sand
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initial 
void ratio1:1 line
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slope test
w  W  
v  v
0.20.10
vertical displacement increment 
horizontal displacement increment
Fig. 5.7 Strength-dilatancy plot for direct shear tests
with fine Leighton Buzzard sand. Comparison with 
1:1 line, as suggested by Jewell (1989)
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a slope test, 0CV
»ps, Jewell and Wroth (1987) 
»ps/ Bolton (1986)0
ds
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Fig. 5.8 Relationship between plane strain angle of
internal friction (0ps), direct shear angle of 
internal friction (0ds) and critical state angle 
of internal friction (0CV), with relative density 
(Dr), for fine Leighton Buzzard sand
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AF,
model wall
restoring moment: Hr = 1/2 . W . a 
correcting force: AFh ~ M,./b
(assumption: c~0)
direction of 
movement
centre of rotation
Correction of the influence of the restoring 
moment due to a large horizontal displacement 
(a) of the counter-weight force (W)
324
325
Pl
at
e 
5.
1 
Ph
ot
og
ra
ph
 
sh
ow
in
g 
th
e 
mo
de
l 
wa
ll
 
e
q
u
i
p
m
e
n
t
326
Ph
ot
og
ra
ph
 
sh
ow
in
g 
th
e 
mo
de
l 
wa
ll
 
at
 
fa
il
ur
e
CHAPTER 6 - TEST RESULTS AND DISCUSSION
6.1 Introduction
This chapter has three objectives. In the first place, 
data from all model wall experiments are discussed. For 
convenience, raw data from these experiments are not 
presented in this chapter, but instead in Appendix A.
These data consist of readings of normal stress on the 
wall, shear stress on the wall, and also horizontal force 
applied to the wall. Such readings are tabulated, re­
interpreted in terms of assumed values of cell action 
factor, and then plotted in Appendix A. Additional raw 
data, consisting of readings of horizontal displacement of 
the wall, are presented in Appendix A. Parameters derived 
from these data are evaluated, such as the equivalent 
height of retained soil (heg), the depth to the zero shear 
force (d0), the maximum bending moment (Mmax), the depth to 
the centre of rotation of the wall (dCR), and the 
horizontal displacement at the top of the equivalent 
height of retained soil (dtc). These values are tabulated, 
and some of them are plotted in this chapter. The 
consistency of these data within themselves is then 
assessed.
The second objective is the comparison between the new 
experimental data and previous data, which was collected 
from the literature and previously interpreted in Section 
2.4.2. Both the new and old data are plotted together, 
and possible reasons for either the existence of or the 
lack of consistency are discussed.
The third objective is the comparison between the new 
experimental data and predictions by current design
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methods. With this purpose, the same technique of 
presentation which had been introduced in Section 2.4.3 
has been again used in this chapter, i.e. both 
experimental and theoretical values of depth of embedment 
and maximum bending moment are normalized to non- 
dimensional values. In addition, values of horizontal 
displacement at the top of the wall (or, for experiments 
in this thesis, at the top of the equivalent height of 
retained soil) are also normalized in this chapter. This 
had not been attempted previously in Chapter 2, because 
previous experimental data on horizontal displacement of 
free embedded cantilever walls were then considered to be 
too scant to deserve further analysis. Finally, whenever 
appropriate, an assessment is made in this chapter of the 
validity of current concepts used in the design of free 
embedded cantilever walls, in the light of the new data 
from this thesis.
In this chapter, the second to sixth experiments are 
mainly discussed. Less importance is given to the first 
experiment, because of its preliminary nature. The 
objective of the first experiment was mainly to evaluate 
the equipment, as explained in Section 5.1. This was 
certainly fulfilled, because distributions of both normal 
and shear stress on the wall, as measured in this 
experiment, seemed to have consistent shapes and 
magnitudes (see Appendix A). At the end of the first 
experiment, confidence in the equipment had therefore been 
achieved. However, a few problems were noticed. For 
example, the pair of pulleys initially used in the 
equipment to counter-weight the wall appeared to have been 
distorted, and also part of the counter-weight frame had 
bent under the wall weight. This might have affected the 
equilibrium of vertical forces on the wall during the 
first experiment. These problems were rectified for the
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second experiment. New pulleys were then used, with ball 
races fitted to the axis. In addition, a small trolley 
supporting one pulley was placed on top of the counter­
weight frame, which was also stiffened (Section 4.2.4).
The data-acquisition software was also initially 
defective, and part of the data relevant to the first 
experiment was thus lost, including initial readings. The 
measurement of horizontal displacements also had initial 
problems, which are discussed in Section 6.4. As a 
result, the discussion in this chapter is limited to the 
second to sixth experiments, which are considered as being 
of a better quality than the first experiment. 
Nevertheless, relevant data for the first experiment has 
been compiled in Appendix A.
6.2 Observed shape and magnitude of the distribution of 
normal stresses - comparison with theoretical 
predictions
For convenience, experimental values of normal stress on 
the wall corresponding to all experiments are not 
presented in this chapter; these values are instead 
tabulated in Appendix A. For each stage of an experiment, 
raw data corresponding to all normal stress transducers 
are given (i.e. in bits), together with initial readings, 
the latter corresponding to the unloaded condition. These 
data are converted to engineering units (i.e. kPa), by 
reference to calibration constants listed in Table 5.6. 
Values of normal stress corresponding to zones of the 
model wall with steadily increasing stresses (i.e. 
"passive" zones) are subsequently corrected by the 
application of a cell action factor, also indicated in 
Appendix A. Conversely, no corrections are applied to 
values of normal stress corresponding to zones of the wall
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where stresses tend to decrease or increase very slightly 
with further loading (i.e. "active" zones). For this 
case, the cell action factor was assumed to be equal to 
1.0. Distributions of normal stress have been plotted for 
all experiments in Appendix A. A few distributions of 
normal stress are reproduced in this section, so that 
important features may be discussed.
When each experiment is examined separately, some common 
features are noted. With the purpose of discussing these 
features, the second experiment (0ps=47°; Sa=0ps/2) has been 
taken in this section as an example. In this experiment, 
as the equivalent height of retained soil increased, 
normal stresses on the excavated side of the wall also 
increased (Fig. 6.1). However, this increase in normal 
stress was only observed above a point distant from the 
lower end of the wall by about one-quarter the depth of 
embedment. This point appears to coincide approximately 
with the centre of rotation of the wall, as inferred from 
displacement measurements (this observation will be 
further examined in Section 6.4). Conversely, normal 
stresses on the excavated side of the wall were always 
very small below the same point, and tended to decrease 
further as the equivalent height of retained soil 
increased (Fig. 6.1). Also in the same experiment, as the 
equivalent height of retained soil increased, normal 
stresses on the retained side of the wall also tended to 
increase. However, this increase in normal stress 
occurred below the point which has been identified with 
the centre of rotation of the wall. Above this point, 
normal stresses on the wall tended to increase very 
slightly with an increase of equivalent height of retained 
soil (Fig. 6.1), possibly as a response to a simultaneous 
increase of surcharge on the soil surface behind the wall. 
Consequently, normal stresses increased significantly at
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regions of the wall where it rotated against the soil. 
Conversely, normal stresses either decreased or slightly 
increased at regions where the wall rotated away from the 
soil. The same pattern was repeated for all experiments.
A convenient way of examining the magnitude of measured 
normal stresses on the wall is by a comparison with a 
theoretical distribution of normal stress corresponding to 
the horizontal component of either the active or passive 
earth pressure coefficient. As an example, this 
comparison has been made for the second experiment (Fig.
6.1). A theoretical distribution of normal stress 
corresponding to the horizontal component of the active 
earth pressure coefficient (Kah) was superimposed on the 
distribution of normal stress measured on the retained 
side of the wall, above the centre of rotation. Such a 
distribution was evaluated by considering the angle of 
wall friction equal to one-half the plane strain angle of 
internal friction of the soil (<5=23.5°), and by using 
Mayniel's active earth pressure coefficients (Clayton and 
Milititsky, 1986). There seems to be good agreement 
between both distributions of normal stress, as shown by 
Fig. 6.1. This suggests that, from the earliest stage of 
this experiment, active normal stresses had been mobilized 
along the retained side of the wall, above its centre of 
rotation.
Similarly, a theoretical distribution of normal stress 
corresponding to the horizontal component of the passive 
earth pressure coefficient (Kph) has been superimposed on 
the experimental distribution of normal stress on the 
excavated side of the wall, above the centre of rotation 
(Fig. 6.1). This distribution was also evaluated by 
considering the angle of wall friction equal to one-half 
the plane strain angle of internal friction of the soil
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(<5=23.5°), but instead using Caquot and Kerisel's passive 
earth pressure coefficients (Caquot and Kerisel, 1948). 
According to Fig. 6.1, the mobilization of passive normal 
stresses on the excavated side of the wall was much slower 
than the mobilization of active normal stresses on the 
retained side of the wall. The experimental distribution 
of normal stress can be seen to reach the theoretical 
distribution only at the moment of failure, and also only 
immediately below the excavation level (Fig. 6.1). It can 
also be seen that, as the equivalent height of retained 
soil increased, the depth to the point of maximum normal 
stress on the excavated side of the wall decreased (Fig.
6.1). At the moment of failure, the point of maximum 
normal stress on the excavated side of the wall then 
approximately coincided with the theoretical distribution 
of passive normal stress (Fig. 6.1). These experimental 
distributions of normal stress can be compared with the 
three possible mechanisms of interaction between passive 
normal stresses and bending moments, which were presented 
in Section 2.1.2, for the case of soils with Kc similar to 
Kah. The experimental distributions of normal stress more 
closely resembled the first mechanism, which was explained 
in Fig. 2.3. According to this mechanism, the passive 
earth pressure coefficient immediately below the 
excavation level is progressively mobilized, as the 
normalized depth of embedment decreases. This seems to 
validate the use of a factor of safety on the passive 
earth pressure coefficient (Fp), as recommended by Clayton 
and Milititsky (1986). There are important implications 
for the value of maximum bending moment, which are 
discussed in Section 6.7.
Values of normal stress which corresponded to the 
horizontal component of the passive earth pressure 
coefficient were calculated on the retained side of the
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wall, at its lower end. At this location, the passive 
earth pressure coefficient was evaluated by assuming the 
angle of wall friction to be zero. These calculated 
values of normal stress (crhp (*=c») were then compared with 
experimental values of normal stress, which were measured 
on the retained side of the wall below its centre of 
rotation. As shown by Fig. 6.1, calculated values of 
normal stress were larger than corresponding measured 
values, despite the assumption of an angle of wall 
friction equal to zero. Measured values of passive normal 
stress were therefore very small on the retained side of 
the wall, below the centre of rotation. A possible reason 
will be discussed in Section 6.3.
A similar pattern of mobilization of normal stress on the 
wall was observed in the other experiments. One example 
was the case of experiments with loose sand (0ps=36°).
Fig. 6.2 shows distributions of normal stress on the wall 
which were measured in the fourth experiment (0ps=36°; 
6a=0PS/2). The pattern of mobilization of normal stress on 
the wall observed in the fourth experiment clearly 
resembled the second experiment (0ps=47°; 6a=0ps/2) . For 
the fourth experiment, the distribution of normal stress 
measured on the excavated side of the wall, immediately 
below the excavation level, was similar to the 
corresponding theoretical distribution, at the onset of 
failure (Fig. 6.2). This feature also resembled the 
second experiment. However, there was an important 
difference between the fourth and the second experiments. 
Theoretical distributions of passive normal stress at 
failure corresponded, for these experiments, to values of 
horizontal component of passive earth pressure coefficient 
which were calculated with contrasting assumptions. For 
the fourth experiment (Fig. 6.2), this coefficient was 
calculated by assuming the angle of wall friction equal to
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the full value of the plane strain angle of internal 
friction of the soil (i.e. 6=36°), instead of only one- 
half the corresponding value, as was the case of the 
second experiment (i.e. 6=23.5°).
In other words, the second experiment (dense sand) was 
incapable of increasing passive normal stresses 
immediately below the excavation level to corresponding 
theoretical values calculated by assuming the angle of 
wall friction equal to the full value of the plane strain 
angle of internal friction of the soil? the model wall 
failed before that could be achieved. By contrast, the 
fourth experiment (loose sand) was capable of doing so. 
This important difference in behaviour can be further 
appreciated in Fig. 6.3, where the second and the fourth 
experiments are compared at the onset of failure. The 
same difference in behaviour is shown in Fig. 6.4, where 
the sixth experiment (dense sand) and the fifth experiment 
(loose sand) are compared, also at the onset of failure.
As shown by Table 5.1, the second and the fourth 
experiments were performed with an uncoated wall, while 
the sixth and the fifth experiments were performed with 
the wall coated with fine sand (Table 5.1).
These different patterns of mobilization of normal 
stresses on the excavated side of the wall immediately 
below the excavation level might be explained by reference 
to the work of Rowe and Peaker (1965), which was reviewed 
in Section 2.3.2. It must be observed that experiments 
described in this thesis refer to types of wall, loading 
and mode of wall displacement, which were different than 
for the case of Rowe and Peaker's experiments, as shown in 
Section 2.3.2. Nevertheless, the same phenomenon was 
observed in both sets of experiments. Measured values of 
passive normal stress were similar to corresponding
334
theoretical values for the case of loose sand, when the 
latter were calculated with the angle of wall friction 
equal to the full value of the plane strain angle of 
internal friction of the soil. Conversely, measured 
values of passive normal stress were considerably smaller 
than corresponding theoretical values for the case of 
dense sand, under the same assumption about the magnitude 
of wall friction (see Fig. 2.21). In this thesis, the 
particular case of an angle of wall friction equal to the 
full value of the plane strain angle of internal friction 
of the soil was selected for the comparison because 
measured values of shear stress at failure were 
comparatively large on the excavated side of the wall, 
immediately below the excavation level, as will be 
discussed in Section 6.3. Rowe and Peaker (1965) 
suggested that, for their experiments with translating 
model walls, progressive failure was the cause of the 
comparatively small mobilization of passive normal stress 
for the case of dense sand.
6.3 Observed shape and magnitude of the distribution of 
shear stresses - comparison with theoretical 
predictions
For convenience, experimental values of shear stress on 
the wall corresponding to all experiments are not 
presented in this chapter; these values are tabulated in 
Appendix A. For each stage of an experiment, raw data for 
all shear stress transducers are given (in bits), together 
with initial readings, the latter corresponding to the 
unloaded condition. These data are converted to 
engineering units (kPa), by making use of calibration 
constants listed in Table 5.6. Values of shear stress 
corresponding to zones of the wall with steadily
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increasing stresses are subsequently corrected by means of 
cell action factors, also indicated in Appendix A. 
Distributions of shear stress are plotted for all 
experiments in Appendix A.
In this section, the second experiment (0ps=47°? <5a=0ps/2) 
has been taken as an initial example. Fig. 6.5 shows 
distributions of shear stress for some stages of this 
experiment. According to this figure, as the equivalent 
height of retained soil (heg) increased, values of shear 
stress on the wall increased steadily on the excavated 
side of the wall, above the centre of rotation. These 
shear stresses were oriented upwards. On the other hand, 
values of shear stress on the excavated side of the wall 
were always small below the centre of rotation. These 
values decreased further as the equivalent height of 
retained soil increased, with shear stresses sometimes 
changing direction. For the same experiment, as the 
equivalent height of retained.soil increased, values of 
shear stress on the retained side of the wall increased 
steadily, but only below the centre of rotation. Above 
this centre, values of shear stress on the retained side 
of the wall were comparatively small, but appeared to 
increase slightly as the equivalent height of retained 
soil increased (Fig. 6.5). In addition, the direction of 
shear stresses on the retained side of the wall was 
generally downwards along its whole depth of embedment.
The pattern of distribution of shear stress revealed by 
the second experiment was approximately the same as was 
shown by the remaining experiments.
The angle of wall friction at each transducer location 
will not be calculated, because of the problems of 
experimental scatter. However, by comparing the 
distribution of shear stress with the corresponding
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distribution of normal stress for each stage of the second 
experiment (also outlined in Fig. 6.5), some features can 
be disclosed. For example, values of shear stress on the 
excavated side of the wall appear to be large immediately 
below the excavation level, in comparison with values of 
normal stress at the same location. This suggests a high 
mobilization of angle of wall friction immediately below 
the excavation level. On the other hand, values of shear 
stress on the excavated side of the wall seem to be small 
immediately above its centre of rotation, in comparison 
with values of normal stress at the same location. This 
suggests decreasing mobilization of angle of wall friction 
with depth on this side of the wall. This pattern 
resembles to some extent passive model wall experiments in 
dense coarse sand which were described by James and 
Bransby (1970). In their experiments, the model wall was 
hinged at the base. As the wall rotated against the soil, 
the angle of wall friction was mobilized with a value 
approximately equal to the plane strain angle of internal 
friction near to the sand surface. However, its value 
decreased with depth, being approximately zero near to the 
hinge.
In this thesis, experimental values of passive normal 
stress were always small near the lower end of the wall, 
in comparison with corresponding theoretical values 
determined by assuming the angle of wall friction equal to 
zero (Section 6.2). At the same time, the direction of 
shear stress at the same location was always downwards 
(e.g. Fig. 6.5). An explanation has thus been provided 
for such low passive normal stresses. As shown by Krey 
(1932), values of passive normal stress must be smaller 
than those predicted by Rankine's earth pressure theory, 
if the direction of shear stresses on the wall is 
downwards. For this condition, values of passive normal
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stress must decrease as the angle of wall friction 
increases, if the applied vertical stress does not change. 
This pattern was consistently seen throughout the series 
of experiments, in this region of the wall. This 
observation also seems to explain why previous 
experiments, particularly Lyndon and Pearson's centrifuge 
tests (Lyndon and Pearson, 1984), had shown values of 
passive normal stress which seemed too low near the lower 
end of the wall (Fig. 2.19). The same observation seems 
to be consistent with results from finite element analyses 
which were performed for free embedded cantilever walls in 
stiff clay (Fourie, 1984), as described in Section 2.3.4.
On the other hand, results presented here are in 
contradiction with Milligan and Bransby's experimental 
results with model walls hinged near the base (Milligan 
and Bransby, 1976). As described in Section 2.3.4, large 
passive normal stresses were observed near the lower end 
of the wall in their experiments, with corresponding shear 
stresses acting upwards on the wall.
The explanation for the apparent contradiction with 
results from this thesis is that Milligan and Bransby's 
experiments did not represent completely a free embedded 
cantilever wall. In their experiments, equilibrium of 
vertical forces was certainly provided by the wall hinge. 
In other words, if the soil tended to develop large 
upwards shear stresses near the lower end of the model 
wall, these stresses could be equilibrated by the reaction 
provided by the hinge. For the case of a model wall 
"floating" in the soil mass, as in this thesis, the soil 
may not be allowed to develop upwards shear stresses near 
the lower end of the wall. It may well be, as suggested 
by results from this thesis, that the soil at this 
location is actually constrained to develop downwards
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shear stresses, because of the need to equilibrate large 
upwards shear stresses which are simultaneously developed 
on the excavated side of the wall, immediately below the 
excavation level. As a result, values of passive normal 
stress must be relatively small near the lower end of the 
wall, in accordance with Krey (1932).
This has practical implications. It may now be possible 
to confirm that there is an incorrect assumption in the 
U.S. Steel design method for free embedded cantilever 
walls (U.S. Steel International, 1975). The distribution 
of normal stress on the wall considered in this method has 
been shown in Fig. 2.9. In this method, the passive 
normal stress on the retained side of the wall, at its 
lower end, is calculated with the same value of angle of 
wall friction used for calculating the passive normal 
stress on the excavated side, immediately below the 
excavation level. The same upwards direction of shear 
stress is considered at these locations, thus resulting in 
the same value of horizontal component of passive earth 
pressure coefficient. As a result, extremely high values 
of passive normal stress may be calculated with this 
method at the lower end of the wall. This leads to a 
possible underestimation of the design depth of embedment, 
unless some other conservative assumption is adopted. 
According to U.S. Steel International (1975), relatively 
low values of angle of wall friction are recommended for 
use with this method (Table 2.1). This may explain why 
factors of safety on depth of embedment, as predicted by 
this method, seem to be satisfactory (Table 2.2).
However, if more realistic values of angle of wall 
friction are adopted, then this method will become unsafe.
The same might be said about the so-called "full" design 
method which was adopted by Padfield and Mair (1984) as a
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standard for the assessment of Blum's method. The 
distribution of normal stress in the "full" method 
resembled Fig. 2.1. Again, the same passive earth 
pressure coefficient was adopted on both sides of the 
wall, meaning that the same upwards direction of shear 
stress on the wall had implicitly been assumed. With this 
assumption, the "full" method cannot be regarded as an 
adeguate standard for assessing other methods. It may 
also be noted that a similar assumption has been adopted 
in the distribution of normal stress on the wall included 
in the analysis of serviceability due to Bolton, Powrie 
and Symons (1989). However, this is not a limit 
equilibrium method, and so possible implications are not 
discussed.
6.4 Wall displacements
Experimental values of wall displacement are tabulated in 
Appendix A. For each stage of an experiment, raw data 
corresponding to both the lower displacement transducer 
(DTI) and the upper displacement transducer (DT2) are 
given (in bits), together with initial readings. Data 
converted to engineering units (millimetres) are also 
indicated.
During some experiments, the pair of displacement 
transducers sometimes required relocation, to avoid being 
out-of-range. Values of initial reading were accordingly 
modified. However, because relocation was usually 
performed at stages near failure, and after the stage was 
unloaded, some creep was noticed upon unloading. This is 
also indicated in Appendix A.
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From measured values of displacement, both the depth to 
the centre of rotation of the wall (dCR) and the horizontal 
displacement at the top of the equivalent height of 
retained soil (dtc) were determined. The latter was then 
normalized with respect to the equivalent height of 
retained soil (dtc/heq). These values are tabulated in 
Appendix A.
For all experiments, values of horizontal displacement at 
the top of the equivalent height of retained soil are 
plotted in Fig. 6.6. After normalized, the same values 
are plotted in Fig. 6.7. According to these figures, 
values of horizontal displacement at the top of the 
equivalent height of retained soil (either normalized or 
not) were typically about one order of magnitude larger 
for loose sand (0ps=36°) than for dense sand (0ps=47°).
These magnitudes of horizontal displacement are in 
agreement with passive earth pressure experiments 
performed by Rowe and Peaker (1965). In their 
experiments, the horizontal displacement of the model wall 
was normalized with respect to the full wall height (a 
definition slightly different than the one adopted in this 
thesis). It was then observed that, for passive 
experiments with dense sand, horizontal displacements were 
relatively small (typically less than 4 % of the wall 
height). For passive experiments with loose sand, 
horizontal displacements were significantly larger 
(sometimes as large as 40 % of the wall height). There 
are important implications for the value of depth of 
embedment at failure, which are discussed in Section 6.6.
In this thesis, normalized values of horizontal 
displacement at the top of the equivalent height of 
retained soil have been compared with corresponding values 
from previous experiments. Values of normalized depth of
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embedment have been plotted in terms of plane strain angle 
of internal friction in Fig. 6.8, both for this thesis and 
for previous experiments. For each value of normalized 
depth of embedment, the corresponding normalized value of 
horizontal displacement at the top of the equivalent 
height of retained soil (or, for previous experiments, at 
the top of the height of retained soil) is indicated in 
Fig. 6.8. Results from this thesis have been compared 
with corresponding results calculated from Milligan 
(1974), and also from Lyndon and Pearson (1984).
Milligan's experimental data corresponded to very stiff 
models of free embedded cantilever walls, uncoated, and 
taken to failure by dredging. Lyndon and Pearson's 
experimental data corresponded to a very stiff model of a 
free embedded cantilever wall, tested in a centrifuge, and 
also taken to failure by dredging. However, no comparison 
with data from Rowe (1951) has been attempted in Fig. 6.8. 
Experimental points had not been shown in the original 
reference; what was presented seemed to be simply diagrams 
for design.
Fig. 6.8 shows some agreement between experimental data 
from this thesis and corresponding data from Milligan 
(1974). For the case of loose sand, both sets of data 
correspond to large normalized values of horizontal 
displacement at the top of the equivalent height of 
retained soil (dto/heq). However, values measured in 
Milligan's experiments were somewhat larger. For the case 
of dense sand, both sets of data correspond to relatively 
small normalized values of horizontal displacement at the 
top of the equivalent height of retained soil. In this 
case, values measured in Milligan's experiments were 
somewhat smaller. On the other hand, both sets of data 
disagree with corresponding data from Lyndon and Pearson 
(1984). Despite the relatively low value of plane strain
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angle of internal friction, Lyndon and Pearson's values of 
horizontal displacement at the top of the wall were very 
small, resembling data for dense sand.
Reference was made in Section 2.1.3 to the possible 
development of an empirical method to estimate the 
displacement at the top of a free embedded cantilever 
wall, once enough data are available. This possibility 
appears to have been frustrated. There seems to be at 
least another factor influencing the horizontal 
displacement of this type of wall, which has not been 
considered in Fig. 6.8. Table 6.1 then lists additional 
data for these experiments. In this table, the normalized 
horizontal displacement at the top of the wall (or, in 
this thesis, the equivalent height of retained soil) was 
estimated at a value of normalized depth of embedment 
equal to 1.5 times the corresponding value at failure. 
According to this table, the difference between the value 
of plane strain angle of internal friction of the soil 
(0ps) and the corresponding critical state value (0CV) 
appears to be the missing factor. A very low critical 
state angle of internal friction has been attributed to 
glass ballotini (Lyndon and Pearson, 1984; Skinner, 1969). 
This contrasts with values attributed to sand, the 
material used in the other experiments. However, 
available data is scant for this purpose, and no strong 
evidence could be gathered in favour of such a hypothesis.
In this thesis, wall displacements have also been 
expressed in terms of wall rotation. For each stage of an 
experiment, the moment of the applied horizontal force in
relation to the centre of rotation of the wall (MCR) was
calculated, together with the corresponding angle of 
rotation of the wall (0). These values are tabulated in
Appendix A, and plotted in Fig. 6.9. The pattern of wall
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rotation (Fig. 6.9) resembles the pattern of horizontal 
displacement of the wall (Fig. 6.6). However, the first 
experiment seems to disagree, giving a less stiff response 
than for the case of the other experiments with dense 
sand. The possible explanation is that, for each stage of 
this experiment, the depth to the centre of rotation of 
this wall (dCR) appears to be too shallow, as calculated 
from displacement measurements (Fig. 6.10). The true 
depth to the centre of rotation of the wall seems to be 
deeper for this experiment, according to corresponding 
distributions of normal stress on the wall, included in 
Appendix A. If the depth to this point is underestimated, 
then the value of applied moment (MCR) is similarly 
underestimated, but the corresponding value of angle of 
wall rotation (0) is overestimated. The wall then shows 
an apparently less stiff response.
It is believed that the horizontal beam on top of the 
model wall had not been firmly tightened at the beginning 
of the first experiment. Measured values of horizontal 
displacement might have been somewhat in error, as this 
beam was used as the reference for displacement 
measurement (Section 3.4). This beam was tightened for 
the second experiment. For the third experiment onwards, 
the beam was fixed to the pair of vertical bars which 
protruded from the top of the model wall, by means of 
epoxy adhesive. Measurements of horizontal displacement 
are then believed to have been more accurate, because the 
position of the centre of rotation of the wall, as 
calculated from displacement measurements (Fig. 6.10), 
seems to agree better with the same position as suggested 
by corresponding measured distributions of normal stress 
on the wall (Figs. 6.1-4).
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6.5 Influence of surface roughness and assumptions 
regarding active normal stresses
The influence of surface roughness on the behaviour of the 
model wall may be examined, for the case of dense sand, by 
comparing the second (uncoated wall) and sixth (wall 
coated with fine sand) experiments. The same influence 
may be examined, for the case of loose sand, by comparing 
the fourth (uncoated wall) and fifth (wall coated with 
fine sand) experiments.
The shape and magnitude of the distribution of normal 
stress was separately examined for each experiment in 
Section 6.2. It can be further observed, for the case of 
dense sand, that distributions of normal stress are 
similar for the second and sixth experiments (Fig. 6.11). 
For the case of loose sand, distributions of normal stress 
are similar for the fourth and fifth experiments (Fig. 
6.12). However, a small difference is observed in the 
speed of mobilization of passive normal stress on the 
excavated side of the wall, immediately below the 
excavation level (Figs. 6.11-12). For experiments where 
the wall was coated with fine sand, the mobilization of 
passive normal stress on this region of the wall seems to 
be slightly faster than for comparable experiments where 
the wall was uncoated. This difference can be better 
appreciated for small values of equivalent height of 
retained soil. For example, for experiments where the 
wall was coated with fine sand, distributions of normal 
stress immediately below the excavation level are slightly 
more "upright" than for comparable experiments where the 
wall was uncoated. Depths to points of maximum normal 
stress immediately below the excavation level are clearly 
smaller for experiments where the wall was coated with 
fine sand than for comparable experiments where the wall
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was uncoated. However, the difference becomes less 
noticeable for large values of equivalent height of 
retained soil (Figs. 6.11-12). At failure, almost 
identical distributions of normal stress are shown 
immediately below the excavation level by both uncoated 
walls and walls coated with fine sand (for comparable 
experiments).
The shape and magnitude of the distribution of shear 
stress was separately examined for each experiment in 
Section 6.3. It can be further observed, for the case of 
dense sand, that distributions of shear stress are similar 
for the second and sixth experiments (Fig. 6.13). For the 
case of loose sand, distributions of shear stress are 
similar for the fourth and fifth experiments (Fig. 6.14). 
However, a small difference is observed in the 
mobilization of shear stress on the excavated side of the 
wall, immediately below the excavation level. For 
experiments where the wall was coated with fine sand, 
shear stresses immediately below the excavation level 
appear to be slightly larger than for comparable 
experiments where the wall was uncoated, particularly when 
dense sand was used (Fig. 6.13). Unfortunately, there is 
some scatter in the experimental data, and this 
observation is not entirely conclusive.
The horizontal displacement at the top of the equivalent 
height of retained soil was examined for each experiment 
in Section 6.4. However, it can be further observed that 
values of horizontal displacement at the top of the 
equivalent height of retained soil were slightly smaller 
for experiments where the wall was coated with sand than 
for comparable experiments where the wall was uncoated 
(Fig. 6.6). Similarly, normalized values of horizontal 
displacement at the top of the equivalent height of
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retained soil were slightly smaller for experiments where 
the wall was coated with sand, if compared with 
experiments where the wall was uncoated (Fig. 6.7). The 
same conclusion can be reached when the comparison is made 
in terms of wall rotation (Fig. 6.9).
The effect of surface roughness on the depth of embedment 
at failure will be examined in Section 6.6. The effect on 
the maximum bending moment will be examined in Section 
6.7. Nevertheless, judging by combined effect on the 
distribution of normal stress, on the distribution of 
shear stress, and on the horizontal displacement at the 
top of the equivalent height of retained soil, the 
uncoated wall appeared to be slightly weaker.
The effect of the assumption about the coefficient of 
active normal stress was investigated with the third 
experiment. In this experiment, the angle of wall 
friction was assumed as being equal to zero along the 
equivalent height of retained soil. Consequently, the 
coefficient of active earth pressures was evaluated using 
Rankine's theory, and no vertical force was applied to the 
model wall. The comparable experiment was the second 
experiment, where the angle of wall friction along the 
equivalent height of retained soil was assumed equal to 
one-half the plane strain angle of internal friction of 
the soil. As shown by Table 5.1, both the second and the 
third experiments were performed with dense sand (0ps=47°), 
and with the model wall uncoated.
The depth of embedment at failure will be discussed for 
each experiment in Section 6.6. The corresponding maximum 
bending moment will be discussed in Section 6.7. However, 
a few observations relevant to the third experiment are 
discussed in advance in this section.
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At failure, the equivalent height of retained soil was 
smaller for the third experiment, if compared with the 
second experiment (Section 6.6). The normalized depth of 
embedment at failure was therefore larger for the third 
experiment. For comparable values of equivalent height of 
retained soil, maximum bending moments were larger for the 
third experiment, if compared with the second experiment 
(Section 6.7). Normalized maximum bending moments were 
also larger for the third experiment, although the 
difference with relation to the second experiment 
decreased with decreasing values of normalized depth of 
embedment (Section 6.7). The wall in the third experiment 
was therefore weaker, as expected.
One possible reason is the larger value of the horizontal 
component of the active earth pressure coefficient (Kah) 
used in the third experiment (Table 5.1). However, 
another reason might be suggested by examining comparable 
distributions of normal stress for the second and the 
third experiments (Fig. 6.15). At identical values of 
equivalent height of retained soil, smaller values of 
normal stress are noticed on the retained side of the 
wall, below its rotation centre, for the third experiment. 
As shown by Fig. 6.16, large upwards shear stresses tended 
to develop on the excavated side of the wall, immediately 
below the excavation level, for both experiments. Because 
the wall was counter-weighted, reaction was provided by 
the applied vertical force, and also by downwards shear 
stresses on the retained side of the wall, for the second 
experiment. However, reaction was provided only by 
downwards shear stresses on the retained side of the wall, 
for the third experiment. As a result, comparatively 
large values of downwards shear stresses appear to have 
been mobilized on the retained side of the wall, 
immediately below the excavation level, for the third
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experiment (Fig. 6.16). However, according to Krey 
(1932), the larger is the downwards shear stress applied 
to a retaining wall at limit equilibrium, then the smaller 
must be the corresponding passive normal stress. In the 
third experiment, it may well be that failure had been 
prematurely induced at the lower end of the wall, because 
large values of passive normal stresses could not be 
mobilized at this location, as corresponding downwards 
shear stresses were comparatively large.
As shown by Fig. 6.6, values of horizontal displacement at 
the top of the equivalent height of retained soil are 
larger for the third experiment (<Sa=0), in comparison with 
the second experiment (6a=0ps/2). Normalized values of 
horizontal displacement at the top of the equivalent 
height of retained soil are also larger for the third 
experiment, in comparison with the second experiment (Fig. 
6.7). The same conclusion can be reached when the 
comparison is made in terms of wall rotation (Fig. 6.9). 
This is in agreement with the previous conclusion that the 
wall was weaker for the third experiment, i.e. when <Sa=0 
was assumed.
6.6 Comparison of predicted and observed depths of 
embedment at failure
Two distinct modes of failure were observed in these 
experiments. One mode was associated with experiments 
performed in dense sand, and the other with experiments in 
loose sand. For the case of dense sand, relatively small 
horizontal displacements were observed at the end of each 
stage of an experiment, as shown in Section 6.4. In this 
case, failure consisted of a sudden increase in horizontal 
displacement of the wall, without a corresponding increase
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in horizontal force. This displacement would then 
progress without interruption until the ram of the air 
actuator reached the end of its stroke. In this sense, 
failure appeared to be well defined for the case of loose 
sand, because a clear distinction could be made between 
the stage when the instability occurred and the previous 
stage, which was stable. On the other hand, for the case 
of loose sand, no clear point of failure could be 
determined. Relatively large horizontal displacements 
were observed at the end of each stage of an experiment, 
as also shown in Section 6.4. In this case, even for 
stages characterized by very large horizontal 
displacements, the model wall always reached a stable 
position, so that the horizontal force could be further 
increased. For this case, no attempt was made in this 
thesis to identify a precise failure point. Failure was 
instead associated with a range of particularly large 
horizontal displacements of the wall, it being argued 
that, for this condition, the geometry of the problem was 
so distorted that the initial problem of a vertical free 
embedded cantilever wall in granular soil had ceased to 
exist.
Similar behaviour was observed by Rowe and Peaker (1965), 
for the case of passive earth pressure experiments, where 
model walls were translated against a sand backfill. 
According to Rowe and Peaker (1965), each experiment was 
strain-controlled. As a result, a well-defined peak was 
observed for the case of dense sand, at a relatively small 
value of horizontal displacement, between 4 % and 6 % of 
the wall height. Conversely, no peak value was observed 
for the case of loose sand; the horizontal force on the 
wall increased progressively with horizontal displacement, 
until the experiment was discontinued, at a very large 
value of horizontal displacement, approximately 40 % of
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the wall height. For this particular case, Rowe and 
Peaker (1965) suggested that the failure load could be 
taken at a horizontal displacement of 5 % of the wall 
height, for consistency with the case of dense sand.
In this thesis, values of ratio between depth of embedment 
at failure and equivalent height of retained soil (df/heq) 
were evaluated as shown in Table 6.2. These values are
plotted in Fig. 6.17, in terms of the plane strain angle
\
of internal friction of the soil (0ps). For experiments 
with dense sand (0ps=47°), each value of df/heq is 
represented by a point in Fig. 6.17. Conversely, for each 
experiment with loose sand (0ps=36°), two values of df/heq 
are given, joined by a vertical bar. The upper end of 
this bar indicates the ratio between depth of embedment 
and equivalent height of retained soil (d/heq) which 
corresponds to a normalized value of horizontal 
displacement at the top of the equivalent height of 
retained soil (dtc/heq) equal to 0.05. The lower end of the 
bar indicates a value of d/heg corresponding to dtc/heq equal 
to 0.10.
According to Table 6.2, experimental values of df/heq are 
larger for loose sand (0ps=36°) than for dense sand 
(0ps=47°). In each case, experimental values of df/heq are 
similar for the uncoated wall and for the wall coated with 
fine sand. The latter was slightly stronger for the case 
of loose sand, but slightly weaker for the case of dense 
sand. This comparison referred to experiments where the 
angle of wall friction along the equivalent height of 
retained soil (6a) was assumed equal to one-half the plane 
strain angle of internal friction of the soil (0ps). 
According to Table 6.2, the value of df/heq for the third 
experiment (0ps=47°; 6a=0) was clearly larger than the 
corresponding value for the second experiment (0ps=47°;
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«Sa=23.5°). Both experiments were performed with the model 
wall uncoated.
According to Fig. 6.17, results from this thesis appear to 
be consistent with previous experimental results described 
in the literature, which have been re-interpreted in 
Section 2.4.2 in terms of the plane strain angle of 
internal friction of the soil. It can be seen that the 
data for a number of experiments with free embedded 
cantilever walls in granular soil show a high degree of 
consistency within themselves, even though widely 
different techniques have been used in these experiments. 
In this case, different techniques were used not only for 
modelling the wall, but also for evaluating the plane 
strain angle of internal friction of the soil.
In addition, experimental data from this thesis can be 
used to assess the conclusion expressed at the end of 
Section 2.4.3, regarding the ability of current design 
methods for predicting depths of embedment of free 
embedded cantilever walls at failure. It was then 
concluded, after a comparison with previous experimental 
results, that values of normalized depth of embedment at 
failure obtained with design methods currently in use 
(Clayton and Milititsky, 1986; Costet and Sanglerat, 1969; 
Padfield and Mair, 1984; Hong Kong GCO, 1982; and U.S. 
Steel, 1978) seem to be similar to one another and also to 
the experimental data. As shown by Fig. 6.17, new 
experimental data from this thesis have essentially 
confirmed that conclusion.
Values of normalized depth of embedment for design, as 
predicted by design methods for free embedded cantilever 
walls currently in use, are shown in Fig. 6.18. In 
addition, experimental data of normalized depth of
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embedment at failure, as obtained from previous research 
work and also from this thesis, have been superimposed to 
Fig. 6.18. Because the new data and the old data seem to 
agree well, it has been confirmed that a number of current 
design methods can give satisfactory factors of safety on 
depth of embedment, as expressed by Table 2.2. Values 
shown in this table had originally been calculated by 
considering old experimental data at failure. These 
values remain valid after the series of experiments 
performed in this thesis.
6.7 Comparison of predicted and observed bending 
moments at several stages
For each stage of an experiment, the maximum bending 
moment (M*^) was calculated at the point of zero shear 
force. The depth to this point (d0) was evaluated from the 
corresponding distribution of normal stress on the model 
wall, including in this evaluation the horizontal force 
applied to the wall. Experimental values of maximum 
bending moment corresponding to all experiments are 
tabulated in Appendix A, together with corresponding 
values of depth to the zero shear force.
Fig. 6.19 shows, for each experiment, values of maximum 
bending moment (M***) plotted against corresponding values 
of equivalent height of retained soil (heq). According to 
this figure, the maximum bending moment'increases with 
increasing equivalent height of retained soil, as 
expected. In addition, for each value of equivalent 
height of retained soil, the corresponding value of 
maximum bending moment is larger for loose sand (0ps=36°) 
than for dense sand (0ps=47°). This appears to be related 
to the value of the horizontal component of the
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coefficient of active earth pressures, K^, which is larger 
for the loose sand (Kah=0.224) than for the dense sand 
(Kah=0.134). Both values have been determined using 
Mayniel's active earth pressure coefficients (Clayton and 
Milititsky, 1986), by assuming the angle of wall friction 
as being equal to one-half the plane strain angle of 
internal friction. However, because much higher 
equivalent heights of retained soil could be achieved in 
dense sand than in loose sand before the wall failed, 
values of maximum bending moment for dense sand near 
failure were considerably higher than for loose sand at 
the same condition, as also shown by Fig. 6.19. In 
addition, values of maximum bending moment were slightly 
larger for experiments where the wall was uncoated than 
for corresponding experiments where the wall was coated 
with fine sand (Fig. 6.19).
As shown in Section 2.4.2, the most convenient way of 
comparing new and old experimental values of maximum 
bending moment of free embedded cantilever walls is by 
using normalized values. This is also true when comparing 
experimental data with predictions from design methods, as 
shown in Section 2.4.3. In this thesis, experimental 
values of maximum bending moment per unit length of wall 
were therefore normalized with respect to the product of 
the soil unit weight by the third power of the equivalent 
height of retained soil (M^/yheg3). These values are 
tabulated for all experiments in Appendix A.
Fig. 6.20 shows, for each experiment, values of normalized 
maximum bending moment (M^/yheg3) plotted against 
corresponding values of normalized depth of embedment 
(d/heq). Once more, for each value of normalized depth of 
embedment, corresponding values of normalized maximum 
bending moment are larger for loose sand (0ps=36°) than for
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dense sand (0pS=47°). However, an interesting observation 
is that, in the course of each experiment, the normalized 
maximum bending moment has consistently decreased with 
decreasing normalized depth of embedment, as shown in Fig.
6.20. The latter is broadly consistent with previous 
experimental data by Rowe (1951), and also by Lyndon and 
Pearson (1984), as shown in Section 2.4.2. The same trend 
has been predicted by the finite element analysis of a 
free embedded cantilever wall in over-consolidated clay by 
Fourie (1984), as also shown in Section 2.4.2. However, 
contrasting with previous experimental work, the new data 
appeared to have disclosed this phenomenon in a conclusive 
way, because the number of experimental points used was 
large, as seen in Fig. 6.20.
The effect of surface roughness on maximum bending moment 
seems to be clearer when the comparison is performed in 
terms of normalized values (Fig. 6.20). For dense sand, 
values of normalized maximum bending moment of both 
uncoated walls and walls coated with fine sand were almost 
identical at low values of normalized depth of embedment. 
Conversely, the value of normalized maximum bending moment 
for the uncoated wall was about 30% larger than for the 
wall coated with fine sand at a value of normalized depth 
of embedment equal to 1.06. A similar pattern was shown 
for loose sand (Fig. 6.20). As discussed in Section 6.5, 
slightly larger passive normal stresses were observed 
immediately below the excavation level for experiments 
where the wall was coated with fine sand than for 
comparable experiments with uncoated walls. This implied 
a somewhat smaller depth to the point of zero shear force 
(d0) when the wall was coated with fine sand (see Appendix 
A). The consequence was a smaller value of maximum 
bending moment for this case.
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Fig. 6.21 allows further comparison to be made between new 
and old normalized bending moment data. Predictions by 
current design methods have also been included in this 
comparison. According to Fig. 6.21, values of normalized 
maximum bending moment determined in this thesis are 
broadly consistent with some previous data. For both 
loose sand (0ps=36°) and dense sand (0ps=47°), values of 
normalized maximum bending moment (coated wall) 
corresponding to a normalized depth of embedment of 0.70 
can be compared with data by Rowe (1951), which 
corresponded to a normalized depth of embedment of 0.67. 
These new and old data seemed to be virtually along the 
same curve (but it is not clear in the original reference 
whether Rowe's model wall was coated). On the other hand, 
values of normalized maximum bending moment corresponding 
to a normalized depth of embedment of 1.06 (coated wall) 
appeared to be somewhat larger than for the case of Rowe's 
data, which were obtained for a normalized depth of 
embedment of 1.0. In both cases, there is some 
disagreement with values of normalized maximum bending 
moment which were determined by Lyndon and Pearson (1984), 
which are somewhat larger.
As a result, the conclusion about the ability of current 
design methods for predicting maximum bending moment, 
which was reached at the end of Section 2.4.3, appears to 
have been supported by the new experimental data. It was 
then stated that, when design must be carried out by 
assuming plane strain angles of internal friction, 
practically all design methods predict values of design 
maximum bending moment which are too low, if the value of 
0ps is large. By contrast, when the value of 0ps is low, a 
number of methods give acceptable results. These methods 
include the CGS method (Canadian Geotechnical Society, 
1978), Brinch Hansen's method (Brinch Hansen, 1953; Brinch
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Hansen and Lundgren, I960), Costet and Sanglerat's method 
(Costet and Sanglerat, 1969), and Clayton and Milititsky's 
method (Clayton and Milititsky, 1986), as shown by Fig.
6.21. Other methods continue instead to predict low 
values of normalized maximum bending moment, even for low 
values of 0ps, such as Rowe's method (Rowe, 1951), Krey's 
method (Krey, 1932), and Padfield and Mair's method 
(Padfield and Mair, 1984).
A possible reason for the discrepancy in the case of dense 
sand was presented in Section 6.2, in connection with the 
shape and magnitude of the distribution of normal stress 
on the wall. For the case of dense sand, there is less 
mobilization of passive normal stress immediately below 
the excavation level, by reference to predictions by earth 
pressure theories, than for the case of loose sand.
Because passive normal stresses immediately below the 
excavation level are not as large as expected in the case 
of dense sand, the true depth to the zero shear force is 
then deeper than can be predicted by the analysis. As a 
result, the true value of maximum bending moment for dense 
sand is somewhat higher than predicted by the analysis 
(Fig. 6.21). This explanation could not be deduced on the 
basis of data from previous experimental work with free 
embedded cantilever walls in granular soil, because 
corresponding distributions of normal stress on the wall 
had not been shown in sufficient detail.
The new experimental data particularly conflicts with the 
recommendation by Padfield and Mair (1984) for walls in 
clay, that the maximum bending moment of a free embedded 
cantilever wall should be evaluated by considering the 
factor of safety to be equal to 1. The normalized maximum 
bending moment seems always to be larger for a safe depth 
of embedment than at failure, as shown by Fig. 6.20. It
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might therefore be unwise to adopt Padfield and Mair's 
recommendation for the design of stiff walls (however, 
their recommendation may still be adequate for the design 
of more flexible walls). Stiff walls cannot benefit from 
the reduction in maximum bending moment brought by 
increasing wall flexibility, which was discussed in 
Section 2.3.6. It is important to observe that the model 
wall used in these experiments was very stiff (for this 
wall, log1Q [ (heq+d)4/EI] ~ -8, if calculated with the 
maximum value of heq observed in these experiments, i.e. 
1.32 m). In addition, a wall with a large depth of 
embedment, i.e. beyond that necessary for equilibrium with 
a normal factor of safety, might be sometimes necessary 
for controlling the horizontal displacement at the top of 
the wall. This type of wall might then be too slender, if 
designed following Padfield and Mair's recommendation 
concerning the evaluation of the maximum bending moment, 
as suggested by Fig. 6.20. Consequently, a factor of 
safety must preferably be included when the maximum 
bending moment of a free embedded cantilever wall is 
evaluated by limit equilibrium design methods.
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Table 6.2 Equivalent height of retained soil (heg) at failure
Experiment Yd
(kN/m3)
e heq
(m)
df/heq
1 15.71 0.68 0 (1)
2 15.76 0.68 1/2 1.32 0.265
3 15.75 0.68 0 1.20 0.29
4 14.06 0.89 1/2 0.65 (2) 0.54 (2)
0.78 (3) 0.45 (3)
5 14.06 0.89 1/2 0.65 (2) 0.54 (2)
0.78 (3) 0.45 (3)
6 15.75 0.89 1/2 1.32 (4) 0.265 (4)
df = 0.35 m
yd average for whole specimen
(1) Fh at failure = 741 N; Fh applied 0.175 m above sand surface
(2) corresponding to dtc/heq = 5 %
(3 ) corresponding to dtc/heq = 10 %
(4) failed slightly before completing this stage
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Fig. 6.2 Distributions of normal stress for the fourth
experiment, with equivalent heights of retained 
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS
In this chapter, the most important conclusions which have 
resulted from the research on the behaviour of free 
embedded cantilever walls in granular soil are described. 
These conclusions are mainly related to aspects of design 
and behaviour of this type of wall, although conclusions 
related to other fields are also included.
As a result of the work described in this thesis, 
additional conclusions can be reached concerning the 
techniques of measurement of both normal and shear stress 
at a boundary, the phenomenon of cell action factor, the 
measurement of sand density, and also the method of 
preparation of uniform sand specimens. These 
contributions were not forecast in the initial plan of the 
work, but emerged throughout this research from the need 
to solve experimental problems. A series of 
recommendations concerning future work are presented at 
the end of this chapter.
7.1 Conclusions
The most important conclusions which have resulted from 
the experimental investigation on the behaviour of free 
embedded cantilever walls in granular soil are listed 
below:
(a) conclusions from review
• a review of previous work on the behaviour of free 
embedded cantilever walls in granular soil was
382
performed at the beginning of this research, bringing 
together for the first time the information then 
available. According to this review, a surprisingly 
large number of design methods have been proposed, 
but the experimental information on the behaviour of 
free embedded cantilever walls in granular soil 
seemed to be somewhat limited. Seven data points 
were found for the relationship between normalized 
depth of embedment and plane strain angle of internal 
friction. Seventeen data points were found for the 
relationship between normalized maximum bending 
moment and plane strain angle of internal friction, 
but a number of points corresponded to values of 
normalized depth of embedment which were not related 
to each other. Data points were even sparser for the 
relationship between normalized horizontal 
displacement at the top of the wall and plane strain 
angle of internal friction.
• during the same review, it was noted that 
experimental values of depth of embedment at failure 
seemed to be consistent within themselves, if first 
normalized with respect to the height of retained 
soil and then plotted against the plane strain angle 
of internal friction of the soil. The observed 
relationship showed little scatter, despite the 
widely different experimental techniques used for 
determining both the depth of embedment of the wall 
at failure and the plane strain angle of internal 
friction. The same relationship was also consistent 
with one finite element analysis described in the 
literature.
• during the same review, it was noted that previous 
experimental values of maximum bending moment per
383
unit width of wall, if normalized with respect to 
both the height of retained soil and the soil unit 
weight, decreased as failure was approached. The 
same was predicted by the one finite element analysis 
described in the literature. This observation 
suggested that the method of calculating maximum 
bending moment by adopting a factor of safety equal 
to 1.0 in the analysis, as suggested by Padfield and 
Mair (1984), might be unsafe in some circumstances.
• no clear relationship emerged from the literature 
review regarding the normalized horizontal 
displacement at the top of the wall, partly because 
these data were even more limited than for the 
normalized depth of embedment at failure and the 
normalized maximum bending moment.
(b) conclusions from small-scale retaining wall 
experiments
• in this research, new model wall experiments were 
performed, to assess the behaviour of free embedded 
cantilever walls in sand. Markedly different 
experimental techniques were adopted for this 
research for the determination of both the depth of 
embedment at failure and the plane strain angle of 
internal friction of the sand, in comparison with 
previous work. Even so, close agreement was observed 
between the new experimental data and the 
relationship between the depth of embedment at 
failure, if normalized with respect to the equivalent 
height of retained soil, and the plane strain angle 
of internal friction, as shown by the review of 
previous research work. An important conclusion can
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then be drawn: this relationship seems to be very 
robust, and is little affected by details of the 
experimental work.
• values of maximum bending moment were calculated in 
this thesis from corresponding measurements of both 
horizontal force and normal stress on the wall.
These new experimental data confirmed the previous 
observation that the maximum bending moment per unit 
width of wall, when normalized with respect to both 
the equivalent height of retained soil and the soil 
unit weight, decreased as failure was approached.
Once again, the new experimental data were in good 
agreement with the trend of normalized data from the 
literature review.
• measured values of normalized horizontal displacement 
at the top of the equivalent height of retained soil 
are consistent with values which were previously 
measured by Milligan (1974). On the other hand, both 
sets of data disagree with corresponding data from 
Lyndon and Pearson (1984). Values of normalized 
horizontal displacement at the top of the wall were 
considerably smaller in the case of Lyndon and 
Pearson's experiments. An attempt to identify the 
reason for the discrepancy pointed to the value of 
critical state angle of internal friction of the 
soil, which was similar for both this research and 
Milligan (1974), but was much smaller for the case of 
Lyndon and Pearson (1984). Unfortunately, available 
data is too scant to allow any firm conclusion about 
this possible influence.
• the direction of passive shear stress on the retained 
side of the wall, below the centre of rotation, is
385
always downwards. Values of passive normal stress at 
this location have also been shown to be relatively 
small. This supports qualitative experimental 
observations made by H. Krey about 1910. Similarly, 
these data are in agreement with the finite element 
analysis described by Fourie (1984), and Fourie and 
Potts (1989), where the direction of passive shear 
stress has also been shown to be downwards below the 
centre of rotation of the wall.
(c) implications for design of free embedded cantilever 
walls
• as explained before, the relationship between 
normalized depth of embedment at failure and plane 
strain angle of internal friction (shown in fig.
2.28) seems to be very robust. This suggests that it 
might be used as a design chart for preliminary 
evaluation of depth of embedment, for the case of 
free embedded cantilever walls in homogeneous 
granular soil. Similarly, the relationship between 
normalized maximum bending moment and plane strain 
angle of internal friction (shown in fig. 2.29) might 
be used as a design chart for preliminary evaluation 
of maximum bending moment, for the same case.
• when plane strain shear strength parameters are 
adopted, a number of current design methods can give 
satisfactory factors of safety on depth of embedment, 
as demonstrated by the comparison between predicted 
design depths of embedment, on the one hand, and 
experimental values of depth of embedment at failure, 
on the other hand. These methods are listed in Table 
2.2.
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however, practically all design methods predict 
values of design bending moment which are too low, if 
the value of 0ps is large. By contrast, when the 
value of 0ps is low, a number of methods give 
acceptable results. These methods include the CGS 
method (Canadian Geotechnical Society, 1978), Brinch 
Hansen's method (Brinch Hansen, 1953; Brinch Hansen 
an Lundgren, 1960), Costet and Sanglerat's method 
(Costet and Sanglerat, 1969), and Clayton and 
Milititsky's method (Clayton and Milititsky, 1986). 
Other methods instead predict low values of bending 
moment, even for low values of 0ps. These include 
Rowe's method (Rowe, 1951), Krey's method (Krey, 
1932), and Padfield and Mair's method (Padfield and 
Mair, 1984) .
when the design of the wall is governed by a 
requirement that the horizontal displacement at the 
top of the wall must be limited, the usual design 
approach has been to increase the depth of embedment. 
It is then important to take into account the fact 
that there might be a relatively small mobilization 
of normal stress on the excavated side of the wall, 
well below passive levels. As a result, the 
corresponding maximum bending moment may be 
relatively large for stiff walls, contrasting with 
the method suggested by Padfield and Mair (1984). On 
the other hand, this method may be adequate for more 
flexible walls. Once more, the available 
experimental data can provide a benchmark against 
which design methods may be assessed.
it is uncertain, when comparing experimental data 
from this thesis with corresponding data from 
previous researches, whether the use of a factor of
safety in the limit equilibrium analysis is an 
acceptable procedure for implicitly controlling the 
horizontal displacement at the top of the wall; 
available data suggest that it might not always be. 
Pending further research, an explicit calculation of 
this displacement seems to be required, whenever its 
value is critical for design.
• experimentally observed directions of passive wall 
friction below the centre of rotation (i.e. on the 
retained side of the wall) suggest that some 
conventional design methods (e.g. U.S. Steel 
International, 1975) may be unsafe. As explained in 
Section 2.2.2, passive earth pressure coefficients 
for use below the centre of rotation of the wall are 
calculated in this particular method on the 
assumption that the direction of shear stress is 
upwards. Relatively large values of passive earth 
pressure coefficient are therefore chosen at this 
location with this method, which appears to be 
unreasonable, according to experimental data from 
this thesis. As a consequence, the U.S. Steel method 
can underestimate the design depth of embedment of 
the wall, unless this trend is compensated by other 
design factors, e.g. a small angle of wall friction.
• the same may possibly be true for more recent design 
methods for clay which adopt distributions of normal 
stress on the wall similar to the U.S. Steel method, 
such as the design method proposed by Bolton and 
Powrie (1987), and Bolton, Powrie and Symons (1989). 
On the other hand, experimental data from this thesis 
support the assumptions in the original design method 
proposed by Krey (1932), where the direction of
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passive shear stress was recognized as being 
downwards below the centre of rotation of the wall.
• it may be inappropriate to use a modern version of 
Krey's method as a reference standard for the 
assessment of a modern version of Blum's method, as, 
for example, has been done by Padfield and Mair 
(1984). In this particular case, the modern version 
of Krey's method (the "full" method) assumed passive 
shear stresses acting upwards below the centre of 
rotation of the wall, thus making it an inaccurate 
standard for comparison.
(d) advances in experimental technique
• specimens of fine sand for model wall experiments 
were prepared by using an air-activated hopper, as 
suggested by Butterfield and Andrawes (1970). Sand 
was deposited inside the test tank by means of a 
moving curtain of sand. The object was to produce 
specimens of fine sand with uniform density. 
Unfortunately, this proved to be extremely difficult. 
From the effort required for overcoming this 
difficulty, a number of conclusions could be drawn, 
which might be useful for future workers attempting 
to prepare uniform specimens of sand.
• the technique of measuring sand density by placing 
pots under the sand rain, as described by Walker and 
Whittaker (1967), and also by Butterfield and 
Andrawes (1970), can be misleading. In this thesis, 
the initial use of pots suggested that the sand 
density should be uniform inside the test tank. In 
fact, when the density was re-evaluated using the
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resin impregnation technique (Moore, 1985), it was 
shown to be highly non-uniform.
• examination of the direction of bedding of each 
sample impregnated with resin then showed that its 
dry unit weight could be correlated very well with 
the inclination of the sand surface at the moment of 
the deposition. A horizontal sand surface could not 
be achieved because air currents inside the test tank 
had disturbed the curtain of sand, thus depositing 
more sand at some locations, and less in others. A 
method was devised to correct the horizontality of 
the sand surface, and more uniform sand specimens 
were later achieved.
• only methods for determining the density of sand 
inside the as-built specimen, ~such as the resin 
impregnation technique, can be relied upon for 
assessing its uniformity. It has also been 
demonstrated in this thesis that the use of pots 
might eventually be acceptable, provided the sand 
surface is kept approximately horizontal throughout 
the whole deposition procedure, both inside each pot 
and inside the test tank.
• when preparing a specimen of sand, it is important to 
keep the surface horizontal throughout the deposition 
procedure. If this is not done the density will be 
smaller at locations where the sand is deposited on 
an inclined surface. This conclusion was partially 
reached by Jacobsen (1976), in a study of the 
uniformity of specimens prepared by raining sand over 
their entire surface. Jacobsen (1976) also 
recommended that the surface of sand should be as 
near to the horizontal as possible. However, no
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correlation between the as-built density and the 
inclination of the surface was then reported. As 
indicated in Section 4.3.4, one possible reason was 
that Jacobsen (1976) measured the dry unit weight by 
driving a thin-walled sampling tube inside the 
specimen, and by removing the sand from inside with a 
vacuum-cleaner, which would destroy any evidence of 
bedding.
• as clearly shown by this thesis, the resin 
impregnation technique is a superior measurement 
technique. As used in this thesis, the resin 
impregnation technique not only gives the as-built 
density inside the specimen, but it also provides 
possible explanations for the measured value, by 
preserving the original fabric of the sand on its 
surface.
• the approach proposed by Jewell and Wroth (1987) was 
used for the evaluation of plane strain angle of 
internal friction of fine Leighton Buzzard sand. As 
described in Section 5.2.1, experimental problems 
were met when attempting this approach in loose sand. 
These problems appeared to be related to a tendency 
for rotation of the upper half of the shear box, 
which could not be controlled during the test. The 
approach suggested by Jewell and Wroth (1987) appears 
to be very attractive in practice, because of its 
simplicity, but the testing technique requires 
further development.
• as part of the experimental work described in this 
thesis, boundary normal and shear stress transducers 
were designed and built, to instrument the model 
wall. After reviewing conventional principles of
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measurement which could be used for designing these 
transducers, it was decided that the Hall effect 
principle should be used, as explained in Section 
3.2.2. No previous experience with the use of this 
principle in stress or force transducers appeared to 
have been reported in the literature. In 
geotechnical engineering, previous experience with 
this principle was related to the construction of 
submersible displacement transducers for local strain 
measurement in the triaxial test, as described by 
Clayton and Khatrush (1986). Despite the lack of 
previous experience, new types of normal stress 
transducer and shear stress transducer have been 
built using the Hall effect principle. These 
transducers showed high output voltages, low linear 
regression errors, and small temperature sensitivity. 
In addition, a force transducer was designed and 
built by using the same principle, with equally good 
performance. Consequently, this thesis has 
demonstrated that stress and force transducers of 
good quality can be produced without particular 
difficulty by using the Hall effect principle.
• normal stress transducers were initially designed on 
the basis of a modern interpretation of the W.E.S. 
criterion (W.E.S., 1944). This interpretation stated 
that the ratio between the maximum displacement at 
the centre of the transducer diaphragm and its 
diameter should not be larger than 1/2,000, as 
described by Hanna (1985). By doing so, values of 
cell action factor near to 1.0 were expected.
However, calibration tests in coarse sand revealed 
that the cell action factor of this transducer could 
be as low as 0.5, when the coarse sand was dense.
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• design criteria based on a relationship between the 
displacement at the centre of the diaphragm and its 
diameter, such as the W.E.S. criterion (W.E.S.,
1944), are therefore unsatisfactory. Existing 
criteria appear to be adequate only for soils with a 
relatively small modulus. Only design criteria based 
on a relationship between soil stiffness and 
transducer stiffness appear to be accurate. 
Experimental data from this thesis are in close 
agreement with predictions of cell action factor by a 
design method of this type which has been proposed 
for boundary normal stress transducers by Askegaard 
(1961), based on a superposition of elastic 
solutions.
• this thesis has apparently provided the first 
experimental verification so far of the relationship, 
predicted by Askegaard's theory, between cell action 
factor and the ratio between soil stiffness and 
transducer stiffness (Fig. 3.38). The same review 
also suggested that the reason why this thesis 
apparently succeeded in this particular task, while 
others in the past had failed, was the 
instrumentation of triaxial specimens with Hall 
effect local strain devices, which was performed in 
this research as recommended by Clayton and Khatrush 
(1986). These devices allowed more accurate values 
of soil modulus to be determined, in comparison with 
conventional external strain measurement techniques, 
which were used in previous researches on the subject 
of cell action factor.
• local strain data for the soil are necessary when 
designing (or selecting) a normal stress transducer, 
in order to obtain a realistic relationship between
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soil stiffness and transducer stiffness. This is 
particularly important because working strains in the 
soil are likely to be small in most projects.
• when using the triaxial test for calibrating boundary
normal stress transducers, only Kc stress paths are 
permissible. Other stress paths cannot be used 
because the distribution of normal stress on the 
pedestal of the cell, where the transducer is 
situated, is likely to be highly non-uniform.
7.2 Recommendations for future study
This research indicates that further study is required on 
the behaviour of free embedded cantilever walls in 
granular soils. By doing so, a more comprehensive state- 
of-the-art might perhaps be written in the near future.
On the one hand, some gaps in knowledge remain in the 
topics encompassed by this thesis. On the other hand, 
there are other related topics which have yet to be 
tackled.. Some possible lines for future study are listed 
below:
• a new series of experiments might be planned with
models of free embedded cantilever walls in granular 
soil, using the same facility built for this 
research. More data points might be obtained for the 
relationship between normalized depth of embedment 
and plane strain angle of internal friction, and also 
for the relationship between normalized maximum 
bending moment and plane strain angle of internal 
friction.
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other assumptions about the relationship between the 
angle of wall friction and the angle of internal 
friction of the soil could be adopted for the new 
experiments. For example, the new experiments could 
test the somewhat controversial assumption of 
identical values for these parameters, which has been 
suggested for practical use by Fourie and Potts 
(1989). In addition, a perfectly smooth wall could 
be simulated, by covering both sides of the wall with 
lubricated membranes.
modern versions of Blum's method allow the design of 
free embedded cantilever walls in layered granular 
soil. To date, no experimental assessment of this 
case appears to have been reported in the literature. 
The same experimental facility built for this thesis 
might then be adequate for the study of a wall 
embedded in granular soil consisting of two or more 
layers. The consequent effect on both the normalized 
depth of embedment at failure and the normalized 
design maximum bending moment of the wall would be of 
practical interest.
a small number of large-scale experiments with free 
embedded cantilever walls in granular soil could be 
performed with the purpose of complementing the 
present series of tests. The main advantage would be 
that a larger number of boundary normal stress 
transducers and shear stress transducers could be 
installed on the model wall. Distributions of both 
normal stress and shear stress on the wall would then 
be determined with improved resolution, if compared 
with the small-scale experiments performed in this 
thesis. With this respect, the Transportation and 
Road Research Laboratory (T.R.R.L.) has an indoors
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sand pit, about 6 m long, 3 m wide, and 5 in deep, 
which could be adapted for large-scale experiments 
with this type of wall.
• the experimental work could be complemented by 
performing a series of non-linear finite element 
analyses of free embedded cantilever walls in 
granular soil. Such analyses would be particularly 
useful if further insight could be achieved into 
mechanisms of progressive failure, which were shown 
to be significant for the case of walls in dense 
sand.
• before more experiments are performed with the small- 
scale facility built for this research, improvements 
may be introduced in the method of specimen 
preparation. The difficulty in producing uniform 
specimens of fine sand with the air-activated hopper 
is to some extent due to the presence of air currents 
inside the test tank? these air currents disturb the 
curtain of sand, and produce uneven sand surfaces. 
This problem might be solved by enclosing the curtain 
of sand between a pair of closely spaced plates, 
connected to the hopper, and extending down to about 
50 mm above the sand surface. These plates may 
isolate the curtain of sand from the effect of air 
currents, thus promoting a more uniform deposition.
• this research has suggested that methods of 
preparation of loose specimens of sand involving 
deposition in thick layers are inadequate. The 
thinner the layer of sand, then the more uniform 
seems to be the specimen, particularly at the ends.
In order to produce a loose specimen in thin layers, 
it is necessary to use simultaneously a small
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intensity of flow of sand, together with a small 
height of fall. With this purpose, a metal strip 
could be placed below the curtain of sand, near to 
the specimen surface, and moving with the hopper.
The impact of sand particles on the specimen surface 
would the be minimized, and a loose specimen would be 
produced.
• the direct shear testing technique for the 
measurement of plane strain angle of internal 
friction of sand requires further improvement. It is 
suggested that the design of the shear box be 
modified, so that the specimen can dilate or contract 
during shearing, but without any rotation of the 
upper half of the box being mechanically possible. 
Test data measured with the new shear box might then 
be compared with previous data, measured with the 
testing technique as originally suggested by Jewell 
and Wroth (1987), to see whether there is any 
apparent improvement. A comparison with values of 
plane strain angle of internal friction measured with 
other types of apparatus might then be attempted.
• the phenomenon of cell action factor of boundary 
normal stress transducers requires further study.
The relationship between cell action factor and ratio 
between soil stiffness and transducer stiffness may 
be investigated with finite element analyses. No 
such analyses appear to have been performed so far, 
as mentioned in Section 3.3.1.8. The only 
comprehensive theoretical solution available for this 
problem is due to Askegaard (1961). This solution 
consists of a superposition of simpler elastic 
solutions for plates on an elastic half-space. A 
verification by means of an elastic finite element
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analysis would therefore be worth attempting. On the 
other hand, because sand behaves non-linearly even at 
very small strains, a non-linear finite element 
analysis might perhaps be more relevant for this 
problem. In this research, the experimental data did 
not show any strong evidence of non-linear behaviour. 
However, it must be considered that relatively small 
stresses were used when boundary normal stress 
transducers were calibrated in this research. Non­
linear behaviour might instead be expected for 
calibration tests with large stress levels. A 
combination of calibration tests of boundary normal 
stress transducers in sand and a series of non-linear 
finite element analyses could then be worth 
attempting.
• it has been shown in this thesis that calibration 
tests of boundary normal stress transducer can only 
be performed in the triaxial cell by following K0 
stress paths. If different stress paths are 
required, then other types of apparatus must be used. 
It is recommended that further calibration tests be 
performed using the simple shear apparatus, as 
described by Roscoe (1970), and also by Stroud 
(1971).
• for future model wall experiments, it might be 
interesting to design a contact stress transducer, 
similar to the one described by Arthur and Roscoe 
(1961), but using Hall Effect sensors as the 
principle of measurement, instead of electrical 
resistance strain-gauges. Such a complex development 
had not been undertaken in this research, because of 
the lack of previous experience. However, in order 
to achieve more experience, a less complex
398
intermediate step could be the design and 
construction of an internal load cell for use in 
triaxial testing.
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Table A.8 Maximum bending moment
Test
no.
K,
(m)
Fh
(N) M
VLx(l)
(kN.m)
*W Y h 3(2)
(kN.m/m)
d/h^
1 * 35.2 0.174 0.011
1 * 72 0.168 0.020 - -
1 * 168 0.152 0.046 -  ; -
1 * 370 0.150 0.101 -
1 * 561 0.145 0.152 -
1 * 715 0.136 0.192 - -
1 * 741 0.115 0.192 - ■ -
2 0.33 38 0.162 0.011 0.060 1.06
2 0.50 86 0.178 0.028 0.042 0.70
2 0.66 152 0.174 0.054 0.036 0.53
2 0.83 238 0.162 0.094 0.032 0.42
2 0.99 343 0.165 0.157 0.031 0.35
2 1.16 467 0.156 0.236 0.029 0.30
2 1.32 610 0.129 0.322 0.027 0.265
3 0.33 44 0.217 0.014 0.074 1.06
3 0.50 99 0.189 0.030 0.046 0.70
3 0.66 176 0.183 0.061 0.041 0.53
3 0.83 276 0.168 0.107 0.036 0.42
3 0.99 397 0.161 0.174 0.035 0.35
3 1.16 541 0.151 0.267 0.033 0.30
4 0.33 56 0.194 0.016 0.098 1.06
4 0.50 127 0.179 0.038 0.066 0.70
4 0.58 173 0.176 0.056 0.061 0.60
4 0.66 226 0.174 0.078 0.058 0.53
4 0.74 287 0.163 0.106 0.056 0.47
4 0.83 353 0.150 0.136 0.051 0.42
5 0.33 56 0.145 0.136 0.082 1.06
5 0.50 127 0.153 0.036 0.062 0.70
5 0.58 173 0.153 0.053 0.059 0.60
5 0.66 226 0.156 0.076 0.057 0.53
5 0.74 287 0.149 0.104 0.055 0.47
5 0.83 353 0.153 0.138 0.052 0.42
6 0.33 38 0.104 0.008 0.041 1.06
6 0.50 86 0.116 0.022 0.034 0.70
6 0.66 152 0.115 0.046 0.031 0.53
6 0.83 238 0.118 0.086 0.029 0.42
6 0.99 343 0.118 0.142 0.028 0.35
6 1.16 467 0.118 0.220 0.027 0.30
6 1.32 610 0.122 0.322 0.027 0.265
(1) wall width = 0.33 m; (2) per metre of wall width; d = 0.35 m 
* Fh applied 0.175 m above the sand surface
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1 Increments of normal and shear stresses (above
initial stresses) for the first experiment, with
applied horizontal force equal to 35.2 N
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Fig. A. 2 Increments of normal and shear stresses (above
initial stresses) for the first experiment, with
applied horizontal force equal to 72 N
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.3 Increments of normal and shear stresses (above
initial stresses) for the first experiment, with
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Fig. A.4 Increments of normal and shear stresses (above
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Fig. A.5 Increments of normal and shear stresses (above
initial stresses) for the first experiment, with
applied horizontal force equal to 561 N
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Fig. A.7 Distribution of normal and shear stresses for
the second experiment, with height of retained
soil equal to 0.33 m
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Fig. A.8 Distribution of normal and shear stresses for
the second experiment, with height of retained
soil equal to 0.50 m
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Fig. A.9 Distribution of normal and shear stresses for
the second experiment, with height of retained
soil equal to 0.66 m
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Fig. A.10 Distribution of normal and shear stresses for
the second experiment, with height of retained
soil equal to 0.83 m
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Fig. A.11 Distribution of normal and shear stresses for_
the second experiment, with height of retained
soil equal to 0.99 m
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Fig. A.13 Distribution of normal and shear stresses for
the second experiment, with height of retained
soil equal to 1.32 m
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Fig. A.14 Distribution of normal and shear stresses for
the third experiment, with height of retained
soil equal to 0.33 m
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Fig. A.15 Distribution of normal and shear stresses for
the third experiment, with height of retained
soil equal to 0.50 m
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Fig. A.16 Distribution of normal and shear stresses for
the third experiment, with height of retained
soil equal to 0.66 m
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Fig. A.17 Distribution of normal and shear stresses for
the third experiment, with height of retained
soil equal to 0.83 m
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Fig. A.18 Distribution of normal and shear stresses for
the third experiment, with height of retained
soil equal to 0.99 m
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Fig. A.19 Distribution of normal and shear stresses for
the third experiment, with height of retained
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Fig. A.20 Distribution of normal and shear stresses for
the fourth experiment, with height of retained
soil equal to 0.33 m
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Fig. A.21 Distribution of normal and shear stresses for
the fourth experiment, with height of retained
soil equal to 0.50 m
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Fig. A.23 Distribution of normal and shear stresses for
the fourth experiment, with height of retained
soil equal to 0.66 m
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Fig. A.24 Distribution of normal and shear stresses for
the fourth experiment, with height of retained
soil equal to 0.74 m
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Fig. A.27 Distribution of normal and shear stresses for
the fifth experiment, with height of retained
soil equal to 0.50 m
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Fig. A.28 Distribution of normal and shear stresses for
the fifth experiment, with height of retained
soil equal to 0.58 m
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Fig A.29 Distribution of normal and shear stresses for
the fifth experiment, with height of retained
soil equal to 0.66 m
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Fig. A.30 Distribution of normal and shear stresses for
the fifth experiment, with height of retained
soil equal to 0.74 m
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.32 Distribution of normal and shear stresses for
the sixth experiment, with height of retained
soil equal to 0.33 m
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Fig. A.33 Distribution of normal and shear stresses for
the sixth experiment, with height of retained
soil equal to 0.50 m
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Fig. A.34 Distribution of normal and shear stresses for
the sixth experiment, with height of retained
soil equal to 0.66 m
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soil equal to 0.83 m
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Fig. A.36 Distribution of normal and shear stresses for
the sixth experiment, with height of retained
soil egual to 0.99 m
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